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Preface to "10th Anniversary of Nanomaterials—
Recent Advances in Environmental Nanoscience and
Nanotechnology”

The rapid development of nanoscience and nanotechnology, including advanced methods
of fabrication and characterization of nanostructured composites and hybrid materials, has been
the driving force of strong progress in all areas of classical science and engineering (e.g.,
chemistry, physical chemistry, chemical engineering, catalysis, biology, medicine, optoelectronics,
etc.), including current topical issues related to environmental protection, renewable and low carbon
footprint energy production, and sustainable development.

Rationally designed nano-structured catalysts particularly at the nano-to-atom scale, the
so-called nano-catalysts, offer great advantages that provide innovative, cost-effective, and
durable materials with exceptional well-tailored surface chemistry properties and performance
optimization in environmental and energy applications. Among others, these applications include
emission-control catalysis, waste treatment, photocatalysis, bio-refinery, CO2 utilization, and fuel
cell applications as well as hydrocarbon processing for H2, value-added chemicals, and liquid
fuel production.

Celebrating its 10th anniversary, the journal Nanomaterials organized a series of Special Issues
with state-of-the-art topics that cover and highlight the aims and scope of the journal as well as
the future scientific and technical perspectives of this field. The present SI entitled “Advances
in Environmental Nanoscience and Nanotechnology” was one such SI that finally succeeded in
compiling some important and high-quality contributions that cover the recent research progress in

various sub-directions of the title and can become guides for further research in the field.

Ioannis V. Yentekakis
Editor
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1. Overview

As a result of the rapid growth of nanoscience and nanotechnology, including ad-
vanced methods of fabrication and characterization of nanostructured materials, great
progress has been made in many fields of science, not least in environmental catalysis,
energy production and sustainability [1-8].

Also known as “nano-catalysts” [1-8], they now play a leading role in environmental
and energy science and engineering by providing innovative, cost-effective, and durable
nanostructured materials with highly promising performance in the control of environmen-
tal pollutants, production of clean fuels and added-value chemicals, and circular-economy
technologies [5-22].

Indeed, the rational design of materials, particularly at the nano-to-atom level, offers
advantages and enables tailoring and fine-tuning of their critical points in catalysis textural,
structural, physicochemical, and local surface chemistry properties, as well as the opti-
mization of metal-metal and metal-support interactions, thus resulting in catalytic systems
with outstanding activity and stability performance in numerous eco-friendly applications.
These include, for example, emission-control catalysis, waste treatment, photocatalysis,
bio-refinery, CO; utilization and fuel cell applications, as well as hydrocarbon processing
for Hy, added-value chemicals and liquid fuels production [5-25].

Celebrating the 10th anniversary of Nanomaterials, the Editor-in-Chief, Prof. Dr. Shirley
Chiang, and the members of the Editorial Office organized and led a series of Special Issues
on key topics that cover and highlight the journal’s aims and scope as well as future
scientific and technical perspectives of the area. The present SI entitled “Advances in
Environmental Nanoscience and Nanotechnology” was one of them, which aimed to host
significant advances in the title.

In this context, this SI has succeeded in collecting five high-quality contributions,
refs. [26-30], covering recent research progress in various sub-directions of the field. These
contributions are briefly discussed below.

2. Special Issue’s Contribution and Highlights

The capture, utilization, and recycling of CO, emissions pose major challenges today
due to the urgent need for the mitigation of global warming through the greenhouse effect
and the concomitant major climate changes. CO, hydrogenation to produce renewable
fuels (e.g., methane or methanol) is one of the most attractive alternatives for this target,
which will contribute to a cleaner and more sustainable future. Notably, CO, methanation,
also known as the Sabatier reaction, becomes more attractive if hydrogen demands for CO,
methanation reaction can be provided via a water-splitting process based on solar- or
wind-powered systems. This further expands the eco-friendly and sustainability feature
of the CO, methanation concept, which is described as the power-to-gas process and has
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attracted intense attention as a promising method for the storage of hydrogen, as well as
overcoming the safety, storage, and transport difficulties in H, managing.

The above benefits of thermo-catalytic CO, methanation reaction are highlighted
in the review paper of Tsiotsias et al. [26], in which the recent literature on the subject
is overviewed and analyzed, giving particular attention on advanced bimetallic, Ni-M
(M =Fe, Co, Cu, Ru, Rh, Pt, Pd, Re)-based catalyst formulations aiming to enhance the re-
action activity and selectivity towards CHy, especially in the low temperature region (ca.
200-350 °C). This thorough literature overview and analysis allowed the authors to con-
clude that although Ni is among the most active methanation catalysts, similarly to the
very active Ru and Rh noble metals, it is being favored considering its low cost and high
abundance in nature. However, there are some drawbacks of Ni as a methanation catalyst,
such as insufficient low-temperature activity, low reducibility and a substantial propensity
for nickel nanoparticle sintering. Literature results show that these inefficacies can be partly
overcome via the incorporation of a second transition metal (e.g., Fe, Co) or a noble metal
(e.g., Ru, Rh, Pt, Pd and Re) at low loading in Ni-based catalysts. In that way, the formation
of several possible mixing nanoparticle (NP) structures, such as “alloyed” or “core-shell”
NPs or even “Janus” heterostructures (closely located, and thus interacting, Ni and M
individual particles), causes strong electronic metal-to-metal effects between the two active
phases; thus, new high-performing and low-cost methanation catalysts can be obtained. For
example, using Fe and Co as heteroatoms due to their similar size and electronic properties
with the Ni atom allow for their easy dissolution into the Ni lattice, forming NiFe and NiCo
alloyed particles, respectively. The specific composition of the formed alloys can lead to the
optimization of CO, methanation performance, especially in the case of NiFe alloys. The
combined bimetallic catalysts can also offer additional advantages, such as higher stability,
and sulfur-poisoning tolerance. On the other hand, using noble metals as heteroatoms in
the Ni-M combination, an increase in the reducibility and dispersion of the Ni primary
phase can be obtained, useful for the CO, methanation reaction. Among noble metals,
Rh and Pt can greatly enhance the catalytic activity for CO, methanation when dissolved
or deposited in small quantities on Ni-based catalysts. Finally, the authors assume that a
trade-off between cost and catalytic activity for CO, methanation catalysts can potentially
be overcome via the development of bimetallic Ni-containing catalysts with an optimized
Ni-dopant metal synergy.

In a highly comprehensive and interesting review, Al-Maqdi et al. [27] thoroughly
analyze the recent research efforts on the development of enzyme-loaded flower-shaped
nanomaterials, which are highly promising for biosensing, biocatalytic, and environmental
applications. The authors explain how organic-inorganic hybrid nanoflowers (hNFs), a
recently developed class of well-structured and well-oriented flower-like materials, through
their unique structural and multifunctional properties, has gained intense interest and can
be useful in several top technological applications. The structural attributes along with
the surface-engineered functional entities of hNFs, such as size, shape, surface orientation,
structural integrity, stability under reactive environments, enzyme stabilizing capability,
and organic-inorganic ratio, all are key well-tailored properties and characteristics that
can significantly contribute to and determine the hNFs applications. According to the
authors, although the development of hNFs is still in its infancy, the rapid development
of biotechnology in general and nanotechnology in particular makes hNFs a versatile
platform for constructing enzyme-loaded /immobilized structures for a variety of appli-
cations, including detection and sensing-based, environmental- and sustainability-based,
and biocatalytic and biotransformation applications. Readers of this work can find detailed
information on many key issues related to the current advances in multifunctional NPCs
that are particularly emphasized in the review, such as: (a) critical factors; (b) different
metal/non-metal-based synthesizing processes (i.e., Cu-, Ca-, Mn-, Zn-, Co-, Fe-, multi-
metal-, and non-metal-based hNFs); (c) their applications; and finally, (d) the interfacial
mechanism involved in hNF development considering the three critical points, which are
the combination of metal ions and organic matter, the petal formation, and the generation
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of hNFs. Bearing in mind that the subject is new, the review of Al-Maqdi et al. [24] can
undoubtedly be a valuable source of expert information and therefore a useful tool for hNF
designers and hNF application engineers.

Aiming at a low carbon footprint energy future, Hy production, storage and trans-
port currently garners huge research interest. Besides the electrochemical water-splitting
technology coupled with renewable energy sources for the high demand of electric power,
hydrocarbons are the most important raw feedstock for hydrogen production. Although
the primary focus is currently on the abundant-in-nature methane (as a key component
of natural gas and biogas), the use of liquefied petroleum gas (LPG), mainly consisting of
propane and butane, for hydrogen production has recently received increasing interest for
various economic and availability reasons. Interestingly, two works on this theme were
contributed to the present SI.

In the first paper, Ramantani et al. [28] systematically investigated the partial substitu-
tion of La by Sr and of Ni by Ru or Rh in the LaNiOj3 perovskite structure to explore the
effects of the nature and composition of the A- and B-sites of such substituted perovskites
on the propane steam reforming (PSR) reaction towards syngas (H,+CO) production.
Specifically, LaNiO3 (LN) and Lag gSrp2NiO3 (LSN) and noble metal-substituted LNM,, and
LSNM, (M = Ru, Rh; x = 0.01, 0.1) perovskite-based catalysts were studied. The authors
found that the incorporation of Ru and Rh foreign cations in the A and/or B sites of the
perovskite structure resulted in an increase in the specific surface area, a shift of XRD lines
toward lower diffraction angles, and a decrease in the mean primary crystallite size of the
parent material, which was more pronounced for materials with higher NM loading due
to distortion of the perovskite structure. Under PSR reaction conditions, the in situ devel-
opment of new phases including metallic Ni and Lay,O,COj3; on the LNMj, and metallic
Ni, Lay0,CO3, LaySrOy, Lay O3, and SrCO3 on the LSNMx were resulted, which enhance
the PSR activity of these catalysts. Although the LN catalyst exhibited higher primary
activity compared to LSN, its PSR catalytic performance did not appreciably change upon
partial substitution of Ni by Ru. In striking contrast, the authors demonstrated that partial
substitution of Ni by Ru and especially Rh in the LSN perovskite resulted in the significant
promotion of catalytic performance on the title reaction, further improved upon increasing
the noble metal content from x = 0.01 to 0.1 in the LSNM, (M = Ru, Rh) perovskite ma-
trix. Thus, the LSNRhy ; catalyst found to perform extremely stable for at least 40 hours
on stream due to the in situ formation of the La,O,COj3 phase, which facilitates carbon
oxidation, preventing its accumulation. This catalyst was the best over all the samples
studied, offering propane conversion of ca. 92% accompanied by a selectivity towards Hj
as high as 97% at 600 °C; its pronounced catalytic performance was attributed to a synergy
of well-dispersed Ru nanocrystallites with Ni” species on the perovskite surface [25]. The
above results once again confirm the value of using such multifunctional materials in
significant catalytic reactions. The specialized properties of perovskites, such as multiple
types of active centers, including surface oxygen vacancies, as well as labile lattice oxygen
and mobile O?~ jons—properties that are easily adapted and optimized on a case-by-case
basis by partial substitution of A and B sites with A’ and B’ alternatives—are particularly
useful in catalysis, as, in turn, these properties can play multiple roles as reaction promoters
and stabilizers of the catalytic systems [23-25].

In the second paper concerning the same reaction (PSR), reported by Kokka et al. [29],
the catalytic performance of supported Ni catalysts with respect to the nature of the oxide
supports used for the dispersion of Ni particles was investigated. The authors found
that Ni was much more active when supported on ZrO; or yttria-stabilized zirconia (YSZ:
Y703-ZrO;) compared to TiOp, whereas Al,O3_ and CeO,-supported catalysts exhibited
intermediate performance. The comparison of the PSR performance of the catalysts was
based on the turnover frequency (TOF) kinetic measurements, which demonstrated that
support-induced promotional effects on the TOF of C3Hg conversion can be more than one
order of magnitude higher, following the order Ni/TiO, < Ni/CeO; < Ni/Al,03 < Ni/YSZ
< Ni/ZrO;. These intrinsic rate increases were accompanied by a parallel increase in the
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selectivity toward the intermediate methane produced. Conducting in situ FTIR exper-
iments, it was demonstrated that CHy species produced via the dissociative adsorption
of propane are the key reaction intermediates. Then, CH, hydrogenation to CHy and/or
conversion to formates, and eventually to CO, is favored over the most active Ni/ZrO,
catalyst. In addition, the optimal Ni/ZrO, catalyst exhibited excellent stability for more
than 30 h time-on-stream (TOS) and was therefore proposed by the authors as the most
promising of the series for the PSR process for H, production.

Finally, Chalmpes et al. [30] reported a new synthetic approach towards carbon mate-
rials, which additionally provides a way to obtain useful materials out of waste or disposed
rocket propellants. The method is based on the hypergolic ignition of furfuryl alcohol
by fuming nitric acid at ambient conditions, which lead to the fast, spontaneous, and
exothermic formation of carbon nanosheets in two steps: (i) polymerization of furfuryl
alcohol to poly (furfuryl alcohol), and (ii) in situ carbonization of the polymer by an internal
temperature increment near its decomposition point. A variety of advanced character-
ization techniques, such as XRD, infrared spectroscopy (Raman/IR), UV-vis, XPS, and
SEM/TEM/AFM microscopies, were used to analyze the structure and morphology of the
obtained carbon nanosheets. The method also provides for the direct conversion of the re-
leased energy into useful work by either heating acetone to boiling or spinning the Crookes
radiometer. The authors argue that in a broader sense, the furfuryl alcohol-fuming nitric
acid system could be the basis for a future “carbon from rocket fuel” perspective, especially
given the wealth of available rocket bipropellants, as well as the growing progress for new
hypergolic fuels. For such a perspective, the authors conclude that a technical upgrade of
the method, as well as the search for new hypergolic pairs that will provide even higher
carbon yields, remain future challenges for large-scale safe application.

Considering all of the above, I believe that the present SI has collected high-impact
works that highlight valuable specific topics and current research interests in the field
of environmental nanoscience and nanotechnology, as well as crucial perspectives and
promising implementations. I would like to sincerely thank all the authors and reviewers
who, with their valuable participation, have contributed to the production of these high-
quality and high-impact papers that add value and can encourage researchers in the field.

Finally, I would like to take the opportunity to encourage researchers to submit
their best works in Nanomaterials, a journal that has already been established as a high
value, readability, and impact one, very suitable to host high-quality works in the field of
nanomaterials/nanotechnology. As Editor-in-Chief of the highly active “Environmental
Nanoscience and Nanotechnology” section of the journal, I would kindly appreciate your
contributions to this area as well.

Acknowledgments: I would like to thank Nanomaterials MDPI journal for giving me the opportunity
to edit this Special Issue, as well as the associated journal team and Assistant Editor, for their
continued and close support during this effort.
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Abstract: CO, methanation has recently emerged as a process that targets the reduction in anthro-
pogenic CO, emissions, via the conversion of CO; captured from point and mobile sources, as well
as Hp produced from renewables into CHy. Ni, among the early transition metals, as well as Ru and
Rh, among the noble metals, have been known to be among the most active methanation catalysts,
with Ni being favoured due to its low cost and high natural abundance. However, insufficient
low-temperature activity, low dispersion and reducibility, as well as nanoparticle sintering are some
of the main drawbacks when using Ni-based catalysts. Such problems can be partly overcome via
the introduction of a second transition metal (e.g., Fe, Co) or a noble metal (e.g., Ru, Rh, Pt, Pd
and Re) in Ni-based catalysts. Through Ni-M alloy formation, or the intricate synergy between two
adjacent metallic phases, new high-performing and low-cost methanation catalysts can be obtained.
This review summarizes and critically discusses recent progress made in the field of bimetallic Ni-M
(M =Fe, Co, Cu, Ru, Rh, Pt, Pd, Re)-based catalyst development for the CO, methanation reaction.

Keywords: CO, methanation; bimetallic catalysts; Ni-based catalysts; promoters; alloy nanoparticles;
bimetallic synergy

1. Introduction

During the last hundred years, rapid industrialization and the high energy demands
of our society have disrupted the carbon cycle through ever increasing greenhouse gas
emissions, and the ramp-up of renewable energy production has yet to offset the negative
effects on our planet’s climate and ecosystems [1,2]. However, progress made in hydrogen
production technologies through water electrolysis has raised hopes for the utilization of
this green fuel that produces no CO, emissions upon its combustion [3], despite the fact
that its storage and transportation remain challenging when compared to other traditional
energy carriers, such as natural gas [4]. In the last decade, research efforts have been
focused on the development of catalysts that can utilize this excess renewable hydrogen
in order to hydrogenate CO; released from industrial flue gases. This way, H, can be
transformed into a reliable energy carrier, that is, CHy or synthetic natural gas (SNG),
with a significantly higher energy density, all the while creating a closed carbon cycle [5].
The complete hydrogenation of CO, into CHy, or CO, methanation, is also known as the
Sabatier reaction and is an exothermic reaction with the following equation:

CO, +4H; — CHy + 2H,0 AHygg x = —165 k]/mol (1)

Ni has become a favourite active metal for this reaction, since its high methanation
activity, low cost and natural abundance render it attractive for industrial-scale applica-
tions [6]. Since CHy yield peaks at a relatively low temperature (300-400 °C, depending on
the reaction conditions) [7], structural degradation of Ni-based catalysts, though not
completely avoided, plays a minor role compared to other reactions (e.g., methane dry
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CeO;

reforming) [8]. The choice of the metal oxide support also appears to be of great importance
in the performance of Ni-based catalysts [9-11]. Ni/CeO; catalysts, for example, are much
more active compared to Ni/Al,O3 or Ni/SiO; catalysts. This is mainly attributed to
ceria’s intricate redox and O?~-defect chemistry, with it being able to transport oxygen
species and oxygen ion vacancies throughout its lattice, having higher basicity compared
to other metal oxides that favours CO, chemisorption and activation, as well as exhibiting
a strong metal-support interaction that favours a higher Ni dispersion (Figure 1) [12].
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Figure 1. Scheme of the CO; + H; reaction mechanisms over Ni/CeO, and Ni/Al,Oj3 catalysts. Reproduced with permission
from [12]. Copyright: Elsevier, Amsterdam, The Netherlands, 2020.

The activity of Ni-based catalysts can be further improved via modification of the metal
oxide supports. For example, alkali and alkaline earth metals [13], transition metals [6] and
rare-earth metals [14] can be used as promoters that modify the physicochemical properties
of metal oxide supports. In some cases, these ions can enter the lattice of the metal oxide
supports (e.g., Ca?* ions in CeO, and ZrO, lattices) [15], or form segregated metal oxide
phases supported on the support surface (e.g., LayO3, CeO, and MnOy in Al,O3) [16].
Such modifications can lead to an increase in support basicity, so that the initial step of
CO; chemisorption step is accelerated, or to an increase in the active metal dispersion [17].
In most cases, the low-temperature activity and stability of Ni-based catalysts is enhanced
following modification of the metal oxide supports [13,14,16].

Besides Ni, Ru and Rh noble metals have been extensively studied as active metallic
phases in CO, methanation and they usually achieve a much higher activity at low temper-
atures [18,19]. Since CHy is thermodynamically favoured over other CO, hydrogenation
products such as CO, at low temperatures, CHy selectivity can be significantly higher when
using noble metal catalysts [7]. Among the two noble metals, Ru can achieve higher activity
and its price is considerably lower compared to Rh, while it can also provide significant
methanation activity when supported on cheap supports (e.g., A,O3 or TiO;) at a metal
loading as low as 1% or even 0.5% [20]. Ru is also preferable to Ni for application in the com-
bined capture and methanation of CO, derived from industrial flue-gases since the high
reducibility of RuOy oxides allows for isothermal operation at low temperatures [21,22].

A popular method to counter some of the drawbacks of Ni-based catalysts is to use
a second metal (e.g., Fe, Co or Ru) as a dopant, in order to create appropriate bimetallic
CO, methanation catalysts [6]. Such an approach has been successfully employed in other
reactions. For example, NiFe alloys are active and stable catalysts for dry reforming of
methane, since Fe can promote carbon gasification and significantly reduce coking through
an intricate dealloying and realloying mechanism [23]. The combination of Ni with other
metals can either lead to the formation of Ni-M alloys, or monometallic heterostructures
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with closely located active metallic Ni-M phases [23,24]. There are two types of metals that
are used in such Ni-M bimetallic catalysts, the one an early transition metal such as Fe and
Co and the other a noble metal, namely Ru, Rh, Pt, Pd and Re.

Fe and Co can easily dissolve into the Ni lattice due to the similar crystallographic
properties of the corresponding metallic phases. In the example of Fe, the dissolution of
Fe atoms into the Ni lattice leads to the formation of NiFe alloys, with NizFe being the
most thermodynamically stable [25,26]. The introduction of Fe causes an expansion of
the Ni fcc lattice up to a specific Fe amount and a shift of the (111) Ni reflection in XRD
towards lower 26 values. At higher Fe contents, the lattice becomes Fe rich and switches to
the more compact bec structure of pure Fe [27]. The introduction of the dopant metal can
be used to tailor the electronic properties of Ni, so that the new alloy phase can achieve
superior activity compared to monometallic Ni. This can also lead to a higher dispersion,
stability and/or resistance towards deactivation [24]. The application of computational
methods has shown that specific alloys can lower the M-CO binding energy and lead to
higher CO methanation activities [28].

Noble metals Ru, Rh, Pt, Pd and Re can increase the reaction activity by enhancing
the reducibility of the primary Ni phase, by increasing the Ni dispersion, or by changing
the reaction pathway [29]. Ru and Ni mostly form monometallic heterostructures that
rely on the synergistic effect between the two separate metallic phases, while Pt and Pd
mostly lead to the creation of NiPt and NiPd alloys [30-32]. It has been shown that an
addition of only a miniscule amount of noble metal (e.g., 0.5% or 1%) can greatly enhance
the reducibility and low-temperature activity of Ni-based catalysts without the need to use
high loadings of precious metals [33].

In this review, we aim to summarize the most recent progress made in the field of
Ni-based bimetallic catalyst development for the CO, methanation reaction. Due to the
different nature of the reaction promotion, Ni-based catalysts combined with either early
transition metals (Fe and Co), or noble metals (Ru, Rh, Pt, Pd and Re), will be discussed in
separate chapters.

2. Promotion with Transition Metals

There are many works that use a transition metal additive to enhance the activity of
Ni-based catalysts [24]. These additives may include: V, Cr, Mn, Fe, Co, Y and Zr. Y and Zr,
for example, are mostly used as dopants to modify the lattice of the metal oxide support
and enhance its defect chemistry. Zr is used to stabilize the CeO; structure and enhance its
oxygen vacancies population (i.e., oxygen storage capacity, OSC) [19], while Y can generate
oxygen vacancies in ZrO,-based supports [34,35]. Mn mostly forms MnOy phases that
increase the catalyst basicity and favour CO, chemisorption. All these modifications on the
support’s properties can lead to an increase in CO; activation and, thus, Mn, Ce, Zr and Y
are often regarded as efficient promoters in CO, methanation [19,34-36].

Fe and Co, when combined with Ni-based catalysts, allow the creation of NiFe and
NiCo alloys [26,37]. The incorporation of these transition metal dopants into the lattice of
the active Ni phase can directly interfere with nickel’s electronic properties and methanation
chemistry [38]. This can either lead to an increase in activity and stability or to a complete
catalyst deactivation, depending on the Ni/dopant ratio, its degree of metal intermixing
and the interaction of both metals with the support [39].

2.1. Promotion with Fe

Among all metals, Fe is by far the most studied element in bimetallic Ni-based catalysts
for CO; methanation, since it is quite cheap and highly available and it exhibits a high
solubility into the Ni lattice, favouring the formation of NiFe alloys [25]. It has been
suggested, based on computational screening and catalytic experiments, that alumina
supported and Ni-rich NiFe catalysts can improve the rate of CO, conversion, with the
optimal Ni/(Ni + Fe) ratio being around 0.7-0.9 [40,41]. Many more works have focused on
NiFe alloys prepared with different methods and supported on various metal oxides [42].
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Generally, the Ni/Fe ratio in the alloy and the reducibility of the metal-oxide support
appear to be the most critical parameters that determine whether Fe will promote or
suppress the catalyst’'s CO, methanation activity.

Pandey et al. [43] were among the first to perform a systematic study about the
Fe promotion in Ni-based methanation catalysts. The optimal active metal content of
the catalysts consisted of 75% Ni and 25% Fe. When compared to their monometallic
counterparts (Ni and Fe), the bimetallic NiFe alloy catalysts supported on alumina and
silica were shown to exhibit higher CHy yields and this enhancement was more apparent
in the alumina supported catalysts. This was attributed to the creation of a suitable alloy
phase and to the increased CO, chemisorption at unreduced Fe3Oy sites. The authors
then compared the activity of NizFe catalysts supported on different metal oxide supports,
such as Al,O3, S5iO;, ZrO, and TiO,, and noted that Al,O3 supported catalysts yielded
the best results and provided the largest promotion due to Fe alloying [42]. Regarding the
optimal alloy composition, a statistical technique, namely response surface methodology
(RSM), was also used. The model equation predicted that a 32.78% Ni loading and 7.67%
Fe loading would lead to the optimal methane yield, and the obtained experimental results
confirmed this model prediction [44].

Ray et al. [38] from the same group managed to develop a descriptor for the metha-
nation of CO; over NizM bimetallic catalysts, with the second metal (M) being Fe and
Cu. It was shown that the turnover frequency for methane production (TOFcp4) could
be linearly correlated with the number of d-density of states (d-DOS) at the Fermi level
(NEgF) based on density functional theory (DFT) calculations, as shown in Figure 2. The
NEr descriptor successfully predicted the enhancement of CO, methanation performance
over the NizFe catalyst, due to a favourable change in the electronic properties of the active
Ni phase, while NizCu alloy formation was detrimental for the production of CHy. In a
follow-up study, Ray et al. [45] also included NizCo catalysts in their calculations and
concluded that Co alloying could also enhance the CO, methanation performance but by
a smaller degree compared to Fe. They also showed that Co alloying led to the highest
promotion regarding the dry methane reforming (DMR) reaction, with the location of the
Ni d-band centre (¢4) being the most appropriate descriptor to assess the catalytic activity
for this reaction.
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Figure 2. Linear correlation between the turnover frequency for CHy production (TOFcpy) and
the number of d-density of states (d-DOS) at Fermi level (Ngg) for Ni, NizFe and Ni3Cu catalysts.
Reproduced with permission from [38]. Copyright: Elsevier, Amsterdam, The Netherlands, 2017.

The Grunwaldt group have been amongst the pioneers in the development of NiFe-
based methanation catalysts and the elucidation of the role of Fe in the overall catalytic
performance. Mutz et al. [26] prepared NisFe catalysts supported on Al,O3 via deposition—
precipitation. The formed alloy nanoparticles exhibited a small size and high dispersion,
and the NiFe-based catalyst proved to be more active and stable at lower temperatures
compared to the monometallic Ni-based catalyst. The alloy catalyst was also proven
to have a quite stable and robust performance after a 45 h time-on-stream operation
under industrially oriented conditions [26]. No carbon deposition could be observed
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H,/CO,

under various gas feeds for such catalysts using operando Raman spectroscopy [46].
Farsi et al. [47] investigated the CO, methanation kinetics on such NizFe methanation
catalysts under technical operation conditions. CO selectivity over CH4 was found to
increase over shorter residence times and higher temperatures, while water concentration
was indicated as the main inhibiting factor.

Furthermore, Serrer et al. [48] focussed specifically on the role of Fe during CO,
methanation, employing advanced operando spectroscopic methods. Fe was shown to act
as a protective or “sacrificial” dopant upon cases of Hy-dropout during CO, methanation.
While Ni-based catalysts are oxidized under such events and then fail to regain their initial
activity upon the restoration of Hj flow, NiFe-based catalysts retain the NiC sites in their
reduced state, due to the preferential oxidation of their Fe sites into FeO. Under normal
operation, Fe was shown to increase the reducibility of Ni and result in the formation of
small FeOy clusters at the surface of the alloy nanoparticles, with Fe being found in various
oxidation states [49]. It has been suggested that increased methanation performance of
NiFe alloy catalysts could be due to these small FeOy clusters on top of alloy nanoparticles
that can potentially favour CO, chemisorption and activation, as shown in Figure 3.

@ Ni-Fe alloy ® Ni° O FeO,

Figure 3. Scheme of the CO, activation mechanism on Ni-Fe alloy-based catalysts during methanation reaction under
realistic conditions. Reproduced with permission from [49]. Copyright: Royal Society of Chemistry, London, UK, 2020.

Mebrahtu et al. [39] used hydrotalcite-precursors with a tailored Fe/Ni ratio in order
to prepare NiFe/(Mg,Al)Ox catalysts with high levels of metal intermixing and disper-
sion. The Fe/Ni ratio played a crucial role in the physicochemical properties and the
catalytic performance of the prepared catalysts. An Fe/(Ni + Fe) ratio of 0.1 was shown
to provide high metal dispersion, small nanoparticle sizes and an optimum amount of
surface basic sites. Consequently, the catalyst with this specific ratio offered the best low-
temperature catalytic performance in terms of CO, conversion and CHy selectivity, whereas
catalysts with higher Fe contents experienced a significant drop for these values (Figure 4).
Mebrahtu et al. [50] also indicated a possible deactivation pathway for monometallic Ni
catalysts via the formation of Ni hydroxides caused by the water produced in situ upon
methanation. It was found that the introduction of Fe prevented the formation of Ni-OH
species, thus increasing the catalytic activity of such systems. It was also argued that Fe
formed spinel phases on the alumina nanosheets and did not form alloys with Ni.

11
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Figure 4. Effect of Fe content on CHy (O) and CO (A) selectivity in comparison to sole met-
als. The highest methane selectivity, with 90%, was achieved for the catalyst containing 10% Fe.
Reproduced with permission from [39]. Copyright: Royal Society of Chemistry, London, UK, 2018.

Giorgianni et al. [51] attributed the beneficial role of Fe into such hydrotalcite-derived
catalysts to the presence of Fe(Il) species. These species could activate CO, molecules and
adsorb HyO produced in situ during the reaction, thus preventing the hydroxylation of
nearby Ni active sites. However, these Fe(II) species inevitably undergo oxidation into
Fe(IMI) over time, reducing the catalytic performance.

In a similar fashion, Huynh et al. [52] observed high CO, methanation activity and
stability for cheap hydrotalcite-derived NiFe/(Mg,Al)Oy catalysts, which could achieve
around 75% CO, conversion and 95% CHy selectivity at just 300 °C under high gas space
velocities. They also showed that an Fe/(Ni + Fe) ratio of 0.2 (NigFe) could lead to the
highest promotion in CHy yield at low temperatures, due to a considerable decrease in
the activation energy for CH, formation [53]. The formate pathway was observed to
be favoured over the direct dissociation of CO, into CO via in-situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) and density functional theory (DFT) [53].
Furthermore, NiFe-containing layered double hydroxides (LDHs) could be in situ grown
over alumina and silica washcoated cordierite monoliths via an urea hydrolysis preparation
method [54]. Using different washcoat materials and metal concentrations, a structured
NiFe bimetallic catalyst with a thin catalytic layer on the cordierite substrate was prepared.
This structured NiFe monolithic catalyst achieved high CHy yields under high gas flow
rates, thus making it attractive for industrial-scale applications.

Burger et al. [55] prepared NiAlOy coprecipitated catalysts modified with Fe and
Mn. Both metals improved the performance of the NiAlOy catalysts. Mn formed separate
MnOxy phases that enhanced the CO, adsorption capacity and metal dispersion, while Fe
formed NiFe alloys, promoting the electronic properties of Ni and enhancing the catalyst
stability. The optimal Ni to promoter molar ratio was five. Such catalysts were also proven
to be resistant upon sulphur poisoning, since H,S was preferentially adsorbed at the metal
promoter phases [56], thus preserving the Ni active sites [57].

Burger et al. [58,59] also studied the mechanism of Fe promotion in coprecipitated
Ni/AlyOg3 catalysts. In one study [58], Fe was deposited adjacent to Ni nanoparticles via
a surface redox mechanism creating alloyed surface phases. Fe alloying also increased
the activity of Ni/Al,Oj3 catalysts prepared via deposition—precipitation and the thermal
stability of co-precipitated NiAlOy catalysts. (yFe Ni) alloy nanoparticles were observed at
co-precipitated NiFeAlOy catalysts and the presence of Fe(Il) species upon aging provided
additional CO, activation sites [59]. The generation of active Fe(Il) species appeared to
partially offset the negative effects caused by active metal sintering upon aging.

Other reports about Fe promotion in Ni/Al,O3 catalysts include the work of Li
et al. [60]. It was found that adding 3% Fe on a 12% Ni/Al,Oj3 catalyst led to a mild
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improvement for CO; conversion and CHy selectivity, whereas the increase in the Fe
content to 12% (Fe/Ni ~ 1) caused a worse methanation performance. Liang et al. [61]
studied the effect of various additives on Ni/Al,O3 catalysts and found the presence of
an increased number of oxygen vacancies over the Fe-modified catalyst, as evidenced by
electron paramagnetic resonance (EPR), that caused favourable changes to the reaction
pathway. Finally, in contrast to other works, Daroughegi et al. [62] found that a 25%
Ni/AlyOj3 catalyst modified with 5% Fe exhibited a much worse methanation performance
in terms of CO; conversion compared to the corresponding monometallic Ni catalyst.

Up until now, the NiFe-based catalysts studied were supported on Al,O3 or Al-based
“inert” supports. The oxide support can, however, also play a major role in the methanation
performance of alloy catalysts [63]. Ren et al. [64] showed that modification of a 30%
Ni/ZrO; catalyst with 3% Fe enhanced its low temperature methanation performance.
Modification with 5% Fe also yielded better results compared to the monometallic catalyst,
but higher Fe contents led to a decline in methanation activity. The authors suggested that
the majority of Fe in the catalysts was not fully reduced following pretreatment under H,
flow, but remained at an Fe(II) oxidation state. These species could potentially improve
the dispersion and reducibility of the Ni phase and also promote the reduction of ZrO,,
thus facilitating the presence of oxygen vacancies, that together with Fe(II) sites typically
enhance CO; chemisorption and dissociation.

Yan et al. [65] employed low metal loadings of Ni and Fe (1.5% Ni and 0.5-4.5% Fe)
supported ZrO, and assigned the various interfacial sites on the catalysts as selective for
different CO, hydrogenation products. The Ni-ZrO, interface in the monometallic catalyst
was characterized as active for the methanation reaction. Fe addition up to an equimolar
amount to that of Ni led to a small improvement in CO, conversion and CHy selectivity
and probably preserved the methane selective active metal-ZrO; interface. Only with the
addition of a large amount of Fe (Fe/Ni ratio at 3) does the CO selectivity increase, via the
creation of Ni-FeOy interface that binds intermediate CO weakly and favours the reverse
water gas shift (RWGS) reaction. Their experimental results are summarized in Figure 5.
Furthermore, other studies showed that Fe promotion provided an enhancement of the
methanation performance of Ni-based catalysts supported on Al,O3 and mesoporous clay
modified with ZrO, [66,67].

It has been previously mentioned that CeO, support can offer significant advan-
tages regarding the CO, methanation performance of Ni-based catalysts, when compared
with other metal oxide supports [12]. However, Fe modification of Ni catalysts sup-
ported on CeO,-based supports appears to exert a negative influence on CO, methanation.
Winter et al. [68] studied CeO,-supported NiFe catalysts with low metal loadings of Ni
and Fe (1.5% Ni and 0.5-1.5% Fe). In contrast to the ZrO, supported catalysts reported by
Yan et al. [65], Fe modification, even in small amounts, led to a significant drop in CO; con-
version and rise in CO selectivity. The majority of Fe remained oxidized according to X-ray
absorption near edge structure (XANES) analysis and these oxidized Fe species probably
led to a weakened interaction between metal and intermediate CO, thus facilitating CO
desorption and higher CO selectivity [68].

Pastor-Pérez et al. [69] prepared Fe and Co modified Ni catalysts supported on
Ce0,-ZrO; and observed a negative effect of Fe addition, since the 3% Fe, 15% Ni/CeO;-
ZrO; catalyst exhibited lower values for CO, conversion and CHy selectivity compared
to the monometallic Ni catalyst. Likewise, le Saché et al. [70] observed that Fe addi-
tion on a Ni/CeO,-ZrO, catalyst led to a drop in CO, conversion and CHy selectivity.
Furthermore, Frontera et al. [71] also reported a drop in CO, methanation activity upon
Fe alloying over Ni catalysts supported on Gd-doped CeO, (GDC). In contrast to NiFe
catalysts supported on inert supports such as Al,O3 and SiO, [26,43], Fe addition ap-
peared to suppress the population of surface oxygen vacancies on the already defect-rich
GDC support.
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Figure 5. Conversions of (a) CO, and (b) Hj, yields of (¢) CHs and (d) CO, and selectivities of (e) CHy and (f) CO
on ZrO,-supported catalysts plotted versus time on stream for reaction of CO; and H, (5 mL/min CO, + 10 mL/min
Hj + 25 mL/min Ar) at 673 K. Reproduced with permission from [65]. Copyright: Elsevier, Amsterdam, The Netherlands, 2019.

Carbon is another type of support in heterogeneous catalysis, which has been deemed
as inactive regarding CO, methanation when using Ni-based -catalysts [72].
However, Gongalves et al. [73] managed to improve the performance of activated car-
bon (AC) supported Ni catalysts by modifying the surface chemistry of carbon and by
introducing Fe as a second metal. They reported that 5% Fe addition on a 15% Ni cata-
lyst supported on activated carbon with increased basicity (AC-R) improved the catalytic
performance for CO, methanation. More specifically, NiFe alloy formation improved the
low-temperature activity of the supported catalysts, increased the CHy selectivity and

CO selectivity (%)

Time (h)

favoured catalyst stability, as shown in Figure 6.
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Figure 6. Comparison of the catalytic properties of the best Ni catalyst Ni/AC-R and the same promoted by Fe NiFe/AC-R:
Xcoz and Scpy as a function of temperature (a,b) as well as time-on-stream (TOS) at 450 °C (c). Reaction conditions:
P =1 bar; Weight Hourly Space Velocity (WHSV) = 60,000 mL g‘1 ht; COy:H, = 1:4. Reproduced with permission from [73].

Copyright: Royal Society of Chemistry, London, UK, 2020.
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The formation of NiFe alloy phase can sometimes take place via the migration of
Fe atoms that are incorporated in the support lattice, towards the surface Ni particles,
upon exposure to a reducing atmosphere. Wang et al. [74] impregnated Ni on an olivine
support and observed the formation of NiFe alloyed phase from the Fe contained in the
support. The good CO, methanation performance was ascribed to NiFe alloy formation
and its favourable interaction with unreduced FeOy segregated from the olivine support
upon calcination and reduction treatments. Thalinger et al. [75], however, reported that
NiFe alloy formation through Fe exsolution from a reducible Lag ¢Srp 4FeO3.5 perovskite
with supported Ni nanoparticles could spoil the methanation chemistry of Ni through an
unfavourable change in nickel’s electronic properties. The suppression of CO, methanation
was less pronounced on a Ni/SrTi 7Fe303.5 catalyst, due to the better structural stability
of this perovskite support [76] and, thus, the lesser extent of Fe exsolution and alloying
with Ni.

Lastly, Pandey et al. [77] performed a study in which they used unsupported NiO
as a catalyst precursor and introduced various Fe amounts. Similarly to many of their
supported counterparts [26,39], Ni catalysts modified with Fe in a stoichiometry of Ni/Fe
> 1 exhibited an increase in catalytic activity for CO, methanation compared to metallic
Ni catalyst. The catalysts that consisted of Ni-rich NiFe alloys with 10% Fe and 25% Fe
yielded the best results. The one with 10% Fe was shown to be the most active and the
higher activity was ascribed to the absence of unalloyed Fe in this catalyst [77].

By taking into consideration the large number of literature reports regarding Fe
modified Ni catalysts [26,39,65], it can be concluded that, under specific circumstances,
Fe can significantly promote the CO, methanation performance. The molar ratio between
Ni and Fe appears to be the most important factor that determines whether Fe will promote
or demote the methanation performance. An Fe/Ni ratio between 0.1 and 0.25 mostly
yields the best results, while Fe-rich alloys significantly degrade the catalytic activity [39].
Furthermore, the type of support also influences the degree of promotion. Al,O3, ZrO,,
SiO; and carbon supported Ni catalysts are typically promoted upon Fe addition at a
specific Fe/Ni ratio, but Ni catalysts supported on defect-rich CeO,-based supports do not
exhibit a similar behaviour [42,68]. Through spectroscopic techniques, it has been reported
that partly reduced Fe(II) species play a major role in the promotion mechanism [49,50].
In general, Fe constitutes an ideal promoter for Ni-based catalysts, since it is also a cheap
and earth-abundant metal and, through the favourable formation of NiFe alloy, it can be
used to explicitly tailor the electronic properties of the catalytically active phase. Some of
the most representative studies that include Ni-M (M = transition metal) bimetallic catalysts
for CO, methanation are comparatively presented in Table 1.

2.2. Promotion with Co

Co is another transition metal commonly used to prepare bimetallic NiCo catalysts
for CO, methanation. Co is right adjacent to Ni in the periodic table, it can dissolve into
the lattice of metallic Ni similarly to Fe and its easy transition between the oxidation
states of Co(IIT), Co(Il) and Co® can induce modifications to the electronic properties of Ni-
based catalysts [24,78]. Among the first works, Guo et al. [79] prepared several bimetallic
NiCo catalysts supported on SiO, with different Co/Ni ratios. They found that higher
Co loadings improved the activity of the catalysts and that a Co/Ni ratio of 0.4 led to
the best performing catalyst. The formation of a homogeneous NiCo alloy supported on
Si0; has also been shown to promote CO dissociation and hydrogen spillover during CO
methanation, leading to higher activity [78].

Further works focussed on Al,O3 supported NiCo catalysts, with Xu et al. [80] and
Liu et al. [37] introducing ordered mesoporosity into the catalyst structure via a one-pot
evaporation induced self-assembly (EISA) synthesis method. Xu et al. [80] reported that
a suitable Co/(Ni + Co) ratio of 20% could increase the catalytic activity and stability.
The authors suggested that Ni and Co were supported as adjacent monometallic phases on
the mesoporous Al,Oj3 structure and that they served as active sites for the chemisorption
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of Hy and COy, respectively. The synergy between these two metals acted to decrease
the activation energy for CO, methanation. Liu et al. [37] also prepared similar ordered
mesoporous NiCo/Al,O3 composites. The authors claimed that NiCo alloy formation and
the confinement effect of the mesoporous structure were responsible for the improved
low-temperature activity and stability of the bimetallic catalysts. Their best performing
10N3COMA catalyst (3% Co304 and 10% NiO on ordered mesoporous Al,O3) exhibited
78% CO, conversion and 99% CHy selectivity at 400 °C, as well as great stability upon a
60 h time on stream test, as shown in Figure 7.
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Figure 7. Catalytic properties of the catalysts:
Reproduced with permission from [37]. Copyright: Elsevier, Amsterdam, The Netherlands, 2018.

(a,d) CO, conversion, (b,e) CHy selectivity, and (cf) CHy yield.

Alrafei et al. [81] prepared Ni and NiCo catalysts with various metal loadings sup-
ported on Al,O3 extrudates. According to their findings, 10% Ni and 10% Co were the most
suitable metal loadings for the bimetallic catalysts. The bimetallic catalyst with these metal
loadings outperformed the monometallic 10% Ni catalyst, as Co helped to increase the
reducibility and dispersion of the Ni phase. However, the 20% monometallic Ni catalyst
exhibited better performance in terms of CO, conversion and CHy selectivity when com-
pared to the bimetallic catalyst, with a total Ni and Co metal loading of 20%. All catalysts
presented a remarkable stability upon 200 h of operation. In contrast to other works,
Fatah et al. [82] reported that 5% Co addition on a 5% Ni/Al,O3 catalyst caused roughly a
30% drop in CO; conversion and lower CHy selectivity compared to the Ni monometallic
catalyst. The deactivation was attributed to the occurrence of larger particles in the NiCo
bimetallic catalyst, while an increased formation of formate intermediate species was also
identified via in situ FTIR.

Besides SiO, and Al,Oj3, a lot of works focus on NiCo catalysts supported on ZrO,,
CeO,-ZrO; and other CeO,-based supports. As discussed before, Ren et al. [64] studied 30%
Ni/ZrO; catalysts modified with Fe, Co and Cu. The Co-modified catalyst exhibited higher
CO; conversion, but slightly lower CHy selectivity, and Fe was shown to be more suitable

as a promoter metal. Razzaq et al. [83], on the other hand, concluded that a Co promoted
Ni/CeO,-ZrO; catalyst was more suitable compared to other catalysts (modified with Mo
and Fe) for the co-methanation of CO and CO; in CHy-rich coke oven gas. Following that
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work, Zhu et al. [84] confirmed that 5% Co addition on a 15% Ni/CeO,-ZrO, catalyst could
promote catalytic activity and stability for CO, methanation. The optimum CeO,/ZrO,
molar ratio of 1/3 (Ceq 2571 750,) was shown to also play a major role by providing a
maximum amount of oxygen vacancies close to active metal sites that favour CO, activation
and dissociation.

As previously discussed, Pastor-Pérez et al. [69] prepared Fe- and Co-modified Ni
catalysts supported on CeO;-ZrO,. While Fe modification impeded the CO, methanation
activity, the addition of 3% Co on a 15% Ni/CeO,-ZrO, catalyst enhanced the CO, con-
version, CHy selectivity and the long-term stability and it allowed for the use of higher
space velocities. Following that work, Pastor-Pérez et al. [85] also showed that such Co
modified Ni catalyst could prevent coke deposition during the reaction. The catalyst was
quite robust upon long-term operation tests, while the presence of methane in the feed gas
did not appear to impede the catalytic activity, but instead promoted it. In contrast to other
works, the addition of Co in Ni catalysts supported on defect-rich GDC support did not
offer any advantages to the catalytic performance for CO, methanation, as reported by
Frontera et al. [86].

Apart from the typical catalyst supports, Jia et al. [87] supported the two metals
of Ni and Co on TiO; coated silica spheres. The electronic effect of the reducible TiO,
layer acted to promote metal dispersion and the adsorption of Hy and CO,, while the
addition of Co second metal enhanced the intrinsic activity and long-term stability of the
NiCo/TiO,@SiO; catalyst in a fluidized bed reactor. Varun et al. [88] prepared NiO-MgO
nanocomposites, via a sonochemical method, that were active for the CO, methanation
reaction. The authors further modified the composites by impregnating 2% Co, Fe and Cu.
Among the three dopants, only Co led to significant activity improvement by lowering the
activation energy for the methanation pathway.
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Lastly, Zhang et al. [89] attempted to increase the metal intermixing between Ni
and Co by incorporating Co into the lattice of LaNiO3 perovskite and supporting the
perovskite on a mesostructured cellular foam (MCF) silica support. Following reduction,
NiCo alloy nanoparticles and adjacent La;O3 phase, highly dispersed on the MCF support,
were generated. The promoting effect of Co alloying, the increased basicity and dispersion
induced by the La;O3 phase and the confinement effect of the mesoporous support acted
to yield a catalyst with increased activity and great stability. A low Co/(Ni + Co) ratio of
5% at a perovskite with nominal composition LaNig 95Cop 9503 was found to be optimal by
leading to NiCo alloy particles with the smallest size (Figure 8).
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Figure 8. Catalytic properties of the catalysts at 60,000 mL g’1 h~1: (a) CO, conversion, (b) CHy selectivity, and (c) lifetime
test of LN 95Cp.05/M at 450 °C. Reproduced with permission from [89]. Copyright: Elsevier, Amsterdam, The Netherlands,

2020.

Overall, it can be concluded that Co mostly acts to promote the performance of CO,
methanation catalysts. However, based on the reported literature, it appears that the type
of support, either inert or reducible, does not affect the promotion mechanism [37,69].
The effect of the Co/(Ni + Co) ratio is also not as apparent when compared to similar
NiFe bimetallic catalysts. However, it appears that Ni-rich NiCo catalysts lead to a more
favourable activity [89].

2.3. Promotion with Cu

In all of the works discussed until now, whenever Cu is added in Ni-based catalysts,
the CO, methanation reaction is hindered and the antagonistic reverse water—-gas shift
(RWGS) reaction is instead promoted. Thus, the Cu-containing bimetallic catalysts turned
out to be inferior to monometallic Ni ones for CO, methanation [38,45,64,88]. Dias et al. [90]
also showed that even 1% Cu addition on 10% Ni/SiO, could drastically decrease CO,
conversion and increase the selectivity for CO. Although Cu enhanced the dispersion and
reducibility of Ni, similarly to other transition metals (Fe and Co), it deactivated the catalyst
for the CO, methanation reaction. This was probably a result of NiCu alloy formation
and the inability of pure Cu and NiCu alloy to adsorb hydrogen. Despite that, the Cu-
containing catalysts could be suitable for CO production, due to their high stability and
CO selectivity. Table 1 below summarises typical bimetallic Ni-based catalysts promoted
with transition metals (Fe, Co and Cu) for the methanation of CO5.

3. Promotion with Noble Metals

Although noble metals are significantly pricier than transition metals, they can pro-
vide significant advantages regarding the CO, methanation reaction, due to their ex-
cellent low-temperature activity, as well as their high reducibility and stability once
oxidized [18,19,91-93]. The combination of Ni with a noble metal aims to transfer some of
these properties into Ni-based catalysts, without the need for the use of a high noble metal
loading [33]. Combined Ni and Ru catalysts exist mostly in the form of heterostructures,
rather than alloys, and Ru can provide additional methanation sites, as well as spillover
hydrogen into nearby Ni sites [94]. On the other hand, Pt and Pd mostly modify the
electronic properties of Ni via alloy formation [31,32].
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3.1. Promotion with Ru

Ru is the cheapest among the discussed noble metals and, at the same time, the most
active metallic phase in CO; methanation. The combination of the metals Ru and Ni has
been described as “privileged” due to the great benefits that can arise from the NiRu
bimetallic synergy [94]. Ru can drastically improve the reducibility of Ni catalysts, as well
as improve the Ni metallic dispersion and provide additional methanation sites.

In an early work, Zhen et al. [30] impregnated Ni and Ru on y-Al,O3. Ru was found
to be segregated at the outer surface and not forming an alloy with the dominant Ni
metallic phase. The catalyst with 1% Ru and 10% Ni presented high activity, CHy selectivity
and stable performance upon 100 h of operation. It was suggested that CO, molecules
dissociated on Ru particles and Hy molecules on Ni ones, followed by hydrogen spillover
to hydrogenate the adsorbed carbon species (Figure 9). Lange et al. [95] also found that part
of Ru noble metal could be substituted by Ni in Ru/ZrO; catalysts without compromising
the catalytic activity. They claimed that low metal loadings led to the formation of alloys,
but higher loadings led to the separation of the two metallic phases.

Figure 9. The proposed a possible reaction mechanism of CO, methanation over 10Ni-1.0Ru catalyst.
Reproduced with permission from [30]. Copyright: Royal Society of Chemistry, London, UK, 2014.

Hwang et al. [96] modified the Ru content on a 35% Ni and 5% Fe/Al,O3 xerogel.
A volcano-shaped trend was observed regarding the Ru content, with the small loading
of 0.6% yielding the best results. Liu et al. [97] synthesized Ni and Ru-doped ordered
mesoporous CaO-Al,O3 nanocomposites. The confinement of the active nanoparticles due
to the ordered mesoporous structure of the catalyst prevented their sintering, while the
CaO component increased the basicity and favoured CO, chemisorption. The addition of a
small quantity of Ru as a second metal enhanced the activation of Hy and CO,, due to its
synergy with the Ni primary phase, leading to a final nanocomposite catalyst with superior
catalytic activity and stability. In a more recent study, Chein et al. [98] also reported that a
1% Ru and 10% Ni/Al,Oj3 catalyst had a better low-temperature activity compared to the
respective monometallic catalysts, also agreeing with the fact that a small amount of added
Ru can induce significant changes to the catalytic activity of Ni-based catalysts.

NiRu bimetallic catalysts are also viable candidates to be studied under more industrial-
like conditions. Bustinza et al. [99] prepared bimetallic NiRu structured monolithic catalysts
with low Ru contents by homogeneously dispersing Ni and Ru precursors over alumina
washcoated monoliths. Through an appropriate preparation method, Ni was supported
in the form of small nanoparticles (2-4 nm), while Ru was atomically dispersed over the
structured support. The bimetallic catalyst with these characteristics provided stable CO,
methanation performance for many hours under high space velocities. Navarro et al. [100]
structured a catalyst consisting of MgAl,Oy4 supported 0.5% Ru and 15% Ni washcoated
on metal micromonoliths. The structured catalyst was stable upon 100 h of continuous
operation. The effect of CHy presence in the initial gas stream (simulated biogas) was also
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addressed by Stangeland et al. [101]. CO, conversion was increased upon promotion of a
20% Ni/Al, O3 catalyst with 0.5% Ru and the catalyst was not greatly affected by the CHy
presence in the gas stream, exhibiting a stable methanation activity.

Another practical implementation of the NiRu bimetallic combination is in dual-
function materials (DFMs), used for the integrated capture and methanation of CO, [102].
Having Ni active methanation phase in DFMs presents a major problem, since Ni is
deactivated during the CO; capture step from flue gases and cannot be reactivated under
H, flow at the usual operation temperature of 320 °C [21,103]. Adding just 1% Ru in a DFM
consisting of 10% Ni increased the reducibility of the Ni phase by 70% and thus enabled
CHj production under isothermal cyclic operation [104]. Employing in-situ DRIFTS, it was
shown that both Ru and Ni are active sites for the methanation reaction, with bicarbonate
and bidentate carbonate intermediate species spilling over to both metals before being
hydrogenated into CHy [105].

Besides Al,O3-based supports, ZrO,, CeO,-ZrO; and other CeO,-based defect-rich
supports are also commonly used in NiRu-based catalysts and will be discussed thereafter.
Ocampo et al. [106] modified 5% Ni catalysts supported on CeO,-ZrO; by changing
the CeO,/ZrO; ratio and by adding a noble metal phase (Ru and Rh). A mass ratio
between CeO, and ZrO, of 1.5 in the support led to the best results and 0.5% noble metal
addition increased the catalytic activity and stability by enhancing Ni dispersion. In a
later study, Shang et al. [107] prepared Ru-doped 30% Ni catalysts supported on CeO,-
71O, via an one-pot hydrolysis method. They found that Ru addition could enhance Ni
dispersion and promote the basicity of the catalysts, thereby achieving a quite increased
low-temperature activity. They reported that their best performing catalyst 3% Ru, 30%
Ni/Ce9Zry 10, could achieve 98.2% CO, conversion and 100% CHy selectivity under the
reaction conditions tested.

Renda et al. [33] performed an extensive study on the effect of noble metal loading on
the catalytic activity of 10% Ni catalysts supported on CeO,. At first, CeO, was identified as
the most suitable catalyst support over CeZrO4 and CeO, /SiO,, which is in agreement with
other studies [12]. In the case of Ru, a volcano-shaped trend could be observed between
the Ru loading and the yield for methane at low-temperatures, with 1% Ru leading to the
best performance, as shown in Figure 10. The yield for CHy at 300 °C was almost double
for the 1% Ru promoted 10% Ni/CeO; catalyst since Ru offered additional active sites
for CO, methanation in synergy with Ni. The worse performance at higher Ru loadings
was attributed to the worsening of active metal dispersion. Renda et al. [108] also showed
that using ruthenium acetylacetonate instead of ruthenium chloride as the Ru precursor
salt could improve the dispersion of the active metals, due to the templating effect of the
precursor salt, leading to an enhanced methanation performance.
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Figure 10. CO, conversion and CHy yield trends for the samples doped with 0.5%, 1% and 3% ruthenium (Hy:Ar:CO, = 4:5:1;
WHSV =601/ (h-gcat)). Reproduced with permission from [33]. Copyright: Elsevier, Amsterdam, The Netherlands, 2020.
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In another interesting study, le Saché et al. [70] reported that Ru addition on a Ni/CeO,-
71O, catalyst could improve the dispersion of Ni and increase the overall intrinsic activity
for the reduction of CO,. The bimetallic NiRu catalyst exhibited enhanced CO, methana-
tion performance in terms of CO, conversion and CHy selectivity at lower temperatures
compared to the monometallic Ni catalyst. Furthermore, the NiRu-based catalyst was also
active for CO production via the reverse water—gas shift (RWGS) reaction upon temperature
increase. It was shown that the catalyst could be stable and high-performing over long time
for both reactions (CO, methanation and RWGS) at the respective reaction temperatures
(350 and 700 °C). Their experimental results are summarized in Figure 11. It should also
be noted that Fe addition on the Ni/CeO,-ZrO; catalyst led to inferior CO, methanation
performance, as discussed previously.
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Figure 11. (a) CO; conversion, (b) CHy selectivity and (c) CO selectivity for all catalysts as a function of temperature.
(d) Stability test for the RuNi/CeZr catalyst, varying the temperature between 350 and 700 °C and starting with the
methanation cycle. Product selectivity is represented as columns, black for CO and red for CHy. Reproduced with
permission from [70]. Copyright: American Society of Chemistry, Washington, DC, USA, 2020.

Through a novel preparation method, Polanski et al. [109] prepared Ru nanoparticles
supported on metallic Ni grains via first preparing Ru nanoparticles supported on an
intermediate silica carrier. Ru and Ni were then deposited on the carrier and the silica
was etched upon suspension in a strong basic solution to yield a 1.5% Ru/Ni catalyst
with an oxide passivation layer. The prepared catalyst exhibited a greatly enhanced low-
temperature activity with about 100% CO; conversion being achieved at a temperature
as low as 200 °C. Carbon deposition was shown to deactivate the catalyst over time,
with the initial activity being regained upon treatment under H, atmosphere. In a follow-
up work, Siudyga et al. [110] synthesized 1.5% Ru catalysts supported on Ni nanowires
via a similar preparation method. The higher surface area of the 1D nanostructure of
the Ni support provided an additional advantage, with around 100% CO; conversion
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being reached at 179 °C and the onset temperature for the reaction being observed at
just 130 °C. Siudyga et al. [111] also observed that Ru/Ni catalysts are highly active for
CO methanation from syngas, with 100% CO conversion being reached at 178 °C and
observable CO conversion being detected even at —7 °C.

The choice of Ru as a promoter for the CO, methanation reaction in Ni-based catalysts
is a sensible option, since the combination of these two metals appears to yield favourable
results, as reported by numerous works [30,33,70]. The synergistic effect through the
presence of Ru and Ni adjacent phases can be observed via the increased metal dispersion,
the higher reducibility, the improved low-temperature activity and the superior stability.
Ni and Ru are both very active CO, methanation sites on their own and their combination
can lead to an enhancement of the intrinsic catalytic activity, and to a decrease in the
activation energy, through the favourable activation of H, and CO, reactant molecules [33,
94]. The only drawback for the use of Ru is its higher price compared to transition metals
like Ni, Fe and Co, even though it is significantly cheaper when compared to other noble
metals such as Rh or Pt. On rare occasions, Ru addition does lead to a drop in CO,
methanation activity, like in the work of Wei et al. [112] regarding Ni catalysts supported
on zeolites. Some of the most representative studies that include Ni-M (M = noble metal)
bimetallic catalysts for CO, methanation are comparatively presented in Table 2.

3.2. Promotion with Rh

Rhodium (Rh) is one of the most expensive noble metals and it is known to be highly
active for CO, methanation at low temperatures, even when used under very low load-
ings [19,113]. However, its presence in bimetallic Ni-Rh catalysts does not always lead to a
desirable activity increase, especially when taking into consideration the increased cost of
the catalytically active material. One of the earlier works that does report a promoting effect
of Rh in Ni-based catalysts was conducted by Ocampo et al. [106]. The addition of just 0.5%
Rh on a 5% Ni/CeO,-ZrO; catalyst greatly increased the catalytic activity of the catalyst,
and also by a larger degree compared to the modification with 0.5% Ru. Higher stability
for the noble metal modified catalysts was also observed and the better performance was
attributed to the enhancement of the dispersion of nickel nanoparticles. Swalus et al. [114]
followed a different path by mechanically mixing 1% Rh/Al,O3 and 1% Ni/activated
carbon catalysts. The combined catalyst presented increased methane production through
a synergistic collaboration between Ni and Rh metallic sites. More specifically, Ni sites were
active for Hy adsorption and Rh sites for CO, adsorption, respectively. Active hydrogen
species could then spill over to Rh sites to facilitate the hydrogenation of chemisorbed CO,
molecules.

Via a complex material architecture, Arandiyan et al. [115] prepared highly active NiRh
CO, methanation catalysts. They first synthesized a 3-dimensionally ordered macroporous
(BDOM) perovskite with nominal stoichiometry LaAly92Nip 0sO3 via a poly(methyl methacry-
late) (PMMA) colloidal crystal-templating preparation method. Rh was then introduced
via wet impregnation of a Rh precursor salt. Upon a high-temperature reduction treatment,
exsolution of Ni nanoparticles occurred, followed by NiRh alloy formation with the surface
Rh atoms. The Ni exsolution procedure facilitated a high dispersion of Ni on the entire
perovskite surface and a strong metal-support interaction that could otherwise not be
achieved by traditional impregnation techniques [116]. The Rh-Ni/3DOM LAO catalyst
with highly dispersed NiRh alloy nanoparticles on a macroporous perovskite support
exhibited a significantly enhanced CO, methanation activity, when compared to similar
monometallic Ni and Rh catalysts [115].

The architecture of bimetallic NiRh catalysts supported on Al,O3 was also modified
by Wang et al. [117]. On the one hand, the method of galvanic replacement (GR) led to the
formation of a Ni@Rh core-shell catalyst, where Ni nanoparticles were encapsulated by an
atomically thin RhOy shell. On the other hand, the method of chemical reduction (CR) led
to a higher degree of intermixing between Ni and Rh. The catalyst prepared by galvanic
replacement presented a superior CO, methanation performance, leading to the conclusion
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that Rh atoms highly dispersed as a thin shell over Ni nanoparticles were more active
compared to large Rh nanoparticles or NiRh alloys (Figure 12). Dissociative adsorption
of CO, over Rh was observed as the key intermediate step. Reducing the loading of Rh
could also further enhance the specific activity per noble metal atom. Thus, the galvanic
replacement method, which rests on the reduction potential difference between the various
redox metal pairs, was shown to be an effective strategy for the preparation of bimetallic
catalysts [118].
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Figure 12. Catalytic activity of Ni/Al,Os, Rh/Al,O3, RhNi/Al,O3 (CR), and RhNi/Al,O3 (GR) for CO, methanation:
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Contrasting the results discussed until now [115,117], there are a number of works that
observe a deactivating effect of Rh presence in Ni-based catalysts. Mutz et al. [46] reported
that a NiRhg; catalyst supported on Al,O3; showed inferior CO, conversion to a similar
monometallic Ni catalyst over the entire temperature range tested. Moreover, Mihet et al. [119]
and Renda et al. [33] both showed that 0.5% Rh addition on a 10% Ni catalyst supported
on Al,O3 and CeO,, respectively, led to a drop in the CO, conversion and the overall CHy
yield. A NiRh combined catalyst supported on Al,O3 and prepared Heyl et al. [120] was
also less active for CO, methanation compared to a monometallic Rh catalyst.

Therefore, Rh insertion in Ni-based catalysts does not always lead to an activity
enhancement and it appears that certain requirements need to be followed, such as the
existence of highly dispersed NiRh alloys with strong metal-support interaction, or the
fine dispersion of Rh on top of Ni particles [115,117]. In any case, the very high cost
of Rh renders it unattractive for use as promoter in Ni-based catalysts, especially when
comparable activity promotion can be achieved via the use of cheaper metals, like Ru.

3.3. Promotion with Pt

Monometallic Pt catalysts used in the reduction of CO, favour the formation of
CO rather than CHy and are attractive catalysts for the reverse water—gas shift reac-
tion (RWGS) [121]. However, NiPt alloys can have a different performance compared
to monometallic Ni and Pt. Mihet et al. [119] observed a promoting effect for CO, metha-
nation by 0.5% Pt addition on 10% Ni/Al,Os, through the enhancement of Ni dispersion
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and NiO reducibility. Renda et al. [33] observed a similar behaviour when 0.5% Pt was
added on a 10% Ni/CeO, catalyst. Interestingly, as shown in Figure 13, the increase in
Pt loading above 0.5% decreased the quantity of produced CHy. This behaviour was
attributed to the fact that Pt sites could easily dissociate CO, into CO, but the further
conversion of intermediate CO species took place at the nearby Ni sites. When Pt was finely
dispersed, CHy4 production was high, whereas higher Pt loadings could lead to increased
CO production that blocked the active Ni methanation sites.
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Figure 13. CO, conversion and CHy yield trends for the samples doped with 0.5%, 1% and 3% of platinum (H,:Ar:CO, = 4:5:1;
WHSV = 60 L/ (h-gcat)). Reproduced with permission from [33]. Copyright: Elsevier, Amsterdam, The Netherlands, 2020.

Kikkawa et al. [31] elucidated the promoting role of isolated Pt atoms that are finely
dispersed in Ni-rich NiPt alloy nanoparticles supported on Al,O3 for the CO, methanation
reaction. Through Ni and Pt precursor salt impregnation and reduction, Pt atoms could
dissolve into the lattice of Ni nanoparticles and were slightly negatively charged as Pt®",
surrounded by Ni®* atoms. It was shown that isolated Pt>- enhanced the adsorption of
intermediate CO species, while also weakening the C-O bond energy. These chemisorbed
CO species on Pt could then be easily hydrogenated into CHy. As a result, NigsPts sup-
ported on Al,O3 with 5% Pt atoms in the NiPt alloy led to a higher CHy formation rate and
CHy yield compared to the monometallic Ni catalyst and other NiPt alloys with a higher
Pt content. Overall, the promoting role of isolated Pt atoms on NigsPt5/ Al,O3 rested on
them acting both as CO adsorption sites, as well as H, dissociation sites.

In a later work [122], it was shown, based on in-situ FTIR observations, that, on such
NiPt alloy catalysts (iso-Pt), the adsorbed intermediate CO species that form CHy were rather
bridging CO between isolated Pt atoms and nearby Ni atoms. On the monometallic Pt catalyst,
strongly anchored CO species were mainly found as on-top CO (terminal mode, Pt-C=0),
which were difficult to be hydrogenated into CHy. These on-top CO species were then pref-
erentially desorbed as CO rather than being converted into CHy and, hence, the monometal-
lic Pt catalyst exhibited a high CO selectivity and reverse water-gas shift (RWGS) reactivity.
However, the initially formed on-top CO species over isolated Pt atoms in NiPt alloys
were quickly transformed into bridging CO between these isolated Pt atoms and their
neighbouring Ni atoms (u,-bridging mode, Pt-(C=0)-Ni). These bridging intermediate
CO species were also similar to those found in the monometallic Ni catalyst between
Ni-Ni neighbours and were easily further converted into CHy. Therefore, it was concluded
that CHy (and CO) selectivity could be determined by the type of adsorbed intermediate
CO species. High CHy selectivity for the monometallic Ni catalyst and the NiPt alloy
catalyst (iso-Pt) that contained isolated Pt atoms was due to the occurrence of bridging CO,
while CO selectivity was drastically increased in the monometallic Pt catalyst where CO
was adsorbed as on-top CO.

Furthermore, the rate determining step (RDS) for CO, methanation over such NiPt
alloy catalysts with isolated Pt atoms was suggested to be the chemisorption of Hy, based on
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kinetic studies [122]. That could be explained by the fact that although Pt sites favoured
the dissociation of H; at low temperatures, isolated surface Pt atoms were preferentially
covered by CO rather than Hj, due to the enhanced Pt-CO bonding. As a result, this limited
availability of H, dissociation sites on isolated Pt atoms became the factor that restricted
the formation of CHy over NiPt alloys. Therefore, the RDS for CO, methanation over
NiPt alloys was suggested to be H, dissociation rather than H-assisted CO dissociation
or hydrogenation of surface carbon species, which are commonly indicated as the RDS
over monometallic Ni methanation catalysts [7,122]. The experimental results and reaction
mechanism for these two works are summarized in Figure 14 [31,122].
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catalyst, and Pt/ Al,O3 during the hydrogenation of CO,. Reproduced with permission from [31,122]. Copyright: American
Chemical Society, Washington, DC, USA, 2019, 2020.

As discussed previously with regard to Ru doping, adding Pt in Ni-based DFMs could
also increase the low-temperature reducibility of NiO. The addition of 1% Pt increased
the NiO reducibility by 50%, compared to the 70% increase caused by the addition of 1%
Ru [104]. Employing in-situ DRIFTS, it was shown that Pt acted to further promote CO,
chemisorption and dissociation by forming Pt-CO species [105]. However, since Pt is not
active for CHy formation, these chemisorbed carbonyl intermediates were found to spill
over towards Ni sites upon H; inflow, where they were further hydrogenated into CHy.
Overall, the NiRu bimetallic DFMs yielded more CH compared to the NiPt ones, since Ru
sites could also participate in the CO, methanation reaction [104].

In short, despite monometallic Pt catalysts being very active for the RWGS reaction,
Ni-rich NiPt alloys appear to promote CHy formation [31,33]. The dilution of Pt atoms over
Ni metallic nanoparticles changes the CO, methanation pathway, since Pt sites accommo-
date adsorbed CO intermediates due to their high affinity with carbonyl [31]. In general,
it seems that a very low amount of Pt added in Ni catalysts, even compared to other
noble metals, can lead to a significant promotion for CO, methanation [33]. It should,
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however, be argued whether the extent of such promotion can be achieved via less expen-
sive metals, like Ru.

3.4. Promotion with Pd

Pd is another noble metal with a high number of applications in heterogeneous catal-
ysis [123,124]. Stand-alone Pd catalysts are not commonly used for CO, methanation,
but NiPd combinations can sometimes have a superior activity for this reaction. An ex-
ample of such promotion is given by the work of Mihet et al. [119]. The addition of 0.5%
Pd on 10% Ni/Al,O3 catalysts remarkably increased the low-temperature activity and
the NiPd bimetallic catalyst was quite stable, outperforming other bimetallic Ni-based
catalysts promoted with Pt and Rh. The addition of Pd, as well as that of other noble
metals, increased the reducibility of NiO and favoured higher metal dispersion and H,
chemisorption. Arellano-Trevifio et al. [104] also showed that Pd addition could increase
NiO reducibility in DFMs, though its effectiveness for CH4 production is not so high
compared to Ru and Pt addition.

Li et al. [32] synthesized an effective CO, methanation catalyst composed of NiPd al-
loys supported on an SBA-15 mesoporous siliceous support. There was a strong synergetic
effect between the two metals, as evidenced by H>-TPR, and this synergy led to the bimetal-
lic NiPd catalysts exhibiting enhanced CO, conversion compared to the monometallic Pd
and Ni catalysts. The content of Ni and Pd in the alloy was also varied and it was shown
that the Nij 75Pd o5 alloy with a Ni/Pd molar ratio of three led to the best results.

Furthermore, Yan et al. [125] prepared a composite hierarchically structured bimetallic
nanocatalyst that consisted of metallic Pd nanoclusters adjacent to NiO with local tetra-
hedral symmetry. The support consisted of acid-treated carbon nanotubes (CNTs) and
the catalysts were further decorated with a thin tetramethyl orthosilicate (TMOS) layer.
This composite NiPd bimetallic catalyst produced a maximum amount of CHy and CO at
300 °C, compared to the monometallic Pd catalyst and other active catalysts with similar
metal loadings that are reported in the literature. As shown in Figure 15, the higher perfor-
mance of NiOtPd-T catalyst was attributed to the local synergy at the interface between the
Ni phase and the adjacent Pd phase, with H and CO being, respectively, chemisorbed over
Ni and Pd interfacial sites. Adsorbed H atoms then helped reduce nearby NiO sites and
thus increase the number of metallic Ni sites that are available for the methanation reaction.

Local synergetic collaboration
in interface

High temperature Low temperature

reaction

reaction

Figure 15. Schematic representation of the reaction coordinates in the NiOpPd-T. Reproduced with permission from [125].
Copyright: Royal Society of Chemistry, London, UK, 2020.
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3.5. Promotion with Re

Rhenium (Re) is not a very common element in heterogeneous catalysis, and it is only
sometimes considered to be a noble metal. An example of its application in heterogeneous
catalysis is the deoxydehydration (DODH) of biomass-derived polyols to produce adipic
acid over ReOy supported on ZrO, [126]. There has, however, recently been a handful of
reports where Re is studied as a promoter in Ni-based catalysts for methanation.

Initially, Han et al. [127] screened 63 different elements as potential promoters in
Ni/Al,O3 catalysts for the methanation of CO, with the help of data mining technology.
Their model predicted that promoting a Ni/Al,O3 catalyst with Re could potentially lead
to the largest drop in the temperature for 50% conversion (Tsp) by 78 °C, compared to the
unpromoted Ni/Al,Os. In another computational study, Yuan et al. [128] showed that
the high oxygen affinity of Re can render it a favourable element to facilitate C-O bond
scission during CO, methanation. Their calculations indicated that isolated Re atoms on
top of Ni(111) facets can accommodate O adatoms cleaved from COOH*/HCOO* and
CHO*/CO* intermediates, whereas CO* and H* can be found adsorbed on the Ni(111)
surface. The synergistic collaboration between the Ni surface and Re dopant atoms could
promote the scission of C-O bonds, increasing CHy selectivity and favouring the overall
catalytic activity for CO, methanation.

Dong et al. [129] experimentally tested the promoting effect of Re on Ni catalysts
supported on H,O,-modified manganese sand for CO methanation coupled with water—
gas shift. Re was reported to decrease the activation energy for CO methanation and lead
to a faster CHy formation rate. Subsequently, Dong et al. [130] studied Re-promoted Ni
catalysts supported on coal combustion fly ash (CCFA) derived from industrial wastes
for the CO, methanation reaction. The bimetallic Ni-Re/CCFA catalyst exhibited higher
CO; conversion and CHy selectivity (99.5% and 70.3%, respectively), compared to the
monometallic Ni/CCFA catalyst (Figure 16). The promoting effect of Re was attributed to
the increase in Ni dispersion, as well as to the resistance of the bimetallic catalyst towards
sintering and coke formation. Bicarbonate, bidentate formate and methoxyl species were
detected as the reaction intermediates via in-situ DRIFTS. Table 2, below, summarises
typical bimetallic Ni-based catalysts promoted with noble metals (Ru, Rh, Pt, Pd and Re)
for the methanation of CO,.
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Figure 16. The effect of reaction temperature (a,b) on the CO, conversion and CHy selectivity. The conditions of reac-
tion temperature test are Hy:CO,:N, = 4:1:0.5, GHSV = 2000 h~1 and 1 atm. (c) Proposed reaction mechanism of CO,
adsorption and methanation over reduced Ni-Re/CCFA. Reproduced with permission from [130]. Copyright: Elsevier,
Amsterdam, The Netherlands, 2020.

4. Conclusions

The race for the development of low-cost and high-performing CO, methanation
catalysts stems from the need to efficiently convert excess electricity and H, generated from
renewables, as well as CO; captured from flue gases, into a reliable energy carrier. Ni is the
standard option to be used in CO, methanation catalysts, due to its high activity and low
cost. However, insufficient low-temperature activity and the degradation of Ni catalysts
over time due to oxidation and sintering creates the need for the employment of specific
metal additives to counter such drawbacks. These additives can fall in two generalized
categories: other transition metals (including Fe and Co) and noble metals (including Ru,
Rh, Pt, Pd and Re).

The transition metals Fe and Co offer the obvious advantage of being cheap like Ni
and their similar size and electronic properties allow for their intricate interaction with the
Ni primary phase and their easy dissolution into the Ni lattice, forming NiFe and NiCo
alloys, respectively. The composition of the formed alloy is of great importance, since only
specific bimetallic combinations can lead to an optimal CO, methanation performance,
especially in the case of NiFe alloys. The combined bimetallic catalysts can also offer
additional advantages, such as higher stability, as well as resistance towards oxidation and
sulphur poisoning.

Noble metals generally increase the reducibility and dispersion of the Ni primary
phase and they can also participate in the reaction as active CO, methanation phases.
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Stand-alone Ru catalysts are highly active for low-temperature CO, methanation and the
presence of Ru in bimetallic Ni catalysts as a separate monometallic phase also boosts
catalytic activity. Additionally, the cost-effectiveness of Ru compared to other noble metals
renders the bimetallic NiRu combinations quite popular in the field of heterogeneous
catalysis. Rh and Pt can also greatly enhance the catalytic activity for CO, methanation
when dissolved or deposited upon Ni in small quantities. Lastly, Pd and Re have been also
tested as potential promoters in Ni-based catalysts.

The assumed trade-off between cost and catalytic activity for CO, methanation cata-
lysts can be potentially overcome via the development of bimetallic Ni-containing catalysts
with an optimised Ni-dopant metal synergy. Recent advances in operando spectroscopic
techniques can shed light on how the reaction mechanism differs between Ni-based alloys
or Ni-dopant metal interfaces and monometallic Ni, allowing for the development of
catalysts with the lowest possible cost and highest possible performance.
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Abstract: As a result of their unique structural and multifunctional characteristics, organic-inorganic
hybrid nanoflowers (hNFs), a newly developed class of flower-like, well-structured and well-oriented
materials has gained significant attention. The structural attributes along with the surface-engineered
functional entities of hNFs, e.g., their size, shape, surface orientation, structural integrity, stability un-
der reactive environments, enzyme stabilizing capability, and organic-inorganic ratio, all significantly
contribute to and determine their applications. Although hNFs are still in their infancy and in the early
stage of robust development, the recent hike in biotechnology at large and nanotechnology in partic-
ular is making hNFs a versatile platform for constructing enzyme-loaded /immobilized structures for
different applications. For instance, detection- and sensing-based applications, environmental- and
sustainability-based applications, and biocatalytic and biotransformation applications are of supreme
interest. Considering the above points, herein we reviewed current advances in multifunctional
hNFs, with particular emphasis on (1) critical factors, (2) different metal /non-metal-based synthe-
sizing processes (i.e., (i) copper-based hNFs, (ii) calcium-based hNFs, (iii) manganese-based hNFs,
(iv) zinc-based hNFs, (v) cobalt-based hNFs, (vi) iron-based hNFs, (vii) multi-metal-based hINFs,
and (viii) non-metal-based hNFs), and (3) their applications. Moreover, the interfacial mechanism
involved in hNF development is also discussed considering the following three critical points: (1) the
combination of metal ions and organic matter, (2) petal formation, and (3) the generation of hNFs. In
summary, the literature given herein could be used to engineer hNFs for multipurpose applications
in the biosensing, biocatalysis, and other environmental sectors.

Keywords: hybrid nanoflowers; biosynthesis; influencing factors; biosensing cues; bio-catalysis

1. Introduction

Enzymes are proteins (or ribonucleic acids) that act as catalysts to quicken chemical
reactions by decreasing the activation energy. They are environmentally friendly and do
not alter or get consumed during chemical reactions. Enzymes as biocatalysts have recently
become an intensive area of research. Currently, enzymes are used in many industrial
applications, including food, drugs, and water remediation [1-7], and have numerous ben-
efits, including a high catalytic efficiency, a high selectivity, and biodegradability. Despite
all of these benefits, the use of enzymes in industrial applications has some limitations,
such as a low operational stability, difficult recovery, low reproducibility, and a high cost.
Immobilization of the enzyme on an insoluble solid support has been found to be a useful
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way to overcome some of these limitations. The solid support must be inert, insoluble,
nontoxic, environmentally safe, easily accessible, affordable, highly resistant to decay and
microbial attack, and have an affinity to the enzyme used. Enzyme immobilization has
many advantages, including functional stability, stability against extreme reaction con-
ditions (changes in the pH and temperature), reusability, easy separation and recovery
of enzymes, and increased catalytic performance. Many researchers have shown that
immobilized enzymes are more stable than free enzymes. However, in some instances,
immobilization can limit the enzyme performance and lower its catalytic activity. The
reasons for this are the blocking of the active site on the enzyme and the conformational
changes that happen to the enzyme after immobilization, as well as the limitations of
mass transfer [8-14]. Therefore, there is a need to develop new and unique methods and
materials to overcome these shortcomings caused by traditional immobilization methods.
There is currently growing interest in the use of nanoscale materials, such as nanoparticles
and nanocrystals, for enzyme immobilization [15-19].

More recently, Jun Ge et al. developed a new method of immobilizing enzymes on
solid supports, known as organic-inorganic hybrid nanoflowers or hybrid nanoflowers,
(hNFs), which are flower-like hybrid nanomaterials produced between a metal node
and a protein through coordination interactions [20]. This review will focus on enzyme
immobilization using organic-inorganic hybrid nanoflowers (hNFs), and will cover their
synthesis, advantages, different types of nanoflowers, and applications.

2. Organic-Inorganic Hybrid Nanoflowers

Organic-inorganic hybrid nanoflowers were accidentally discovered in 2012. hNFs
were first detected when 0.8 mM CuSO4 was added to phosphate-buffered saline (PBS)
with 0.1 mgml~! bovine serum albumin (BSA). The reaction pH was 7.4 at 25 °C. After
3 days, a blue precipitate was formed at the bottom of the reaction tube, resembling
a flower structure. The formation of the organic-inorganic hNFs was confirmed using
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) [20].
The formation mechanism (self-assembly) of organic-inorganic hybrid nanoflowers occurs
through the following three stages (Figure 1): nucleation, growth, and completion. In the
first step, the nucleation of primary crystals is formed from protein molecules and Cu?*
ions. This occurs through binding to the amide group onto the protein backbone. The
second step is the growth of seed particles of the Cu®* binding site, which leads to the
production of nano petals. This continues with protein nanoparticles and primary crystals.
In the last step, the formation of organic-inorganic hybrid nanoflowers is completed.
Figure 2 shows the SEM images of the organic-inorganic hybrid nanoflower formation
after 2 h, 12 h, and 3 days [20].

Additional research on organic-inorganic hybrid nanoflowers shows that the presence
of a protein (enzyme) is essential for the formation of nanoflowers, and without an enzyme,
only a crystal structure is formed. A research group formed hNFs between Burkholderia
cepacia lipase (BCL) and calcium phosphate, and a part of their results (Figure 3) shows
that the morphology transforms from sheet stacking to flower-like after the addition of
lipase [21]. Another research group used a-chymotrypsin (ChT) and calcium phosphate
to form hNFs, testing the effect of different enzyme concentrations on the formation of
hNFs (Figure 4). It is clear from the SEM image that for samples al and a2, where ChT was
not added, there is no formation of nanoflowers, and only the presence of large crystals
are observed. However, when 0.05 mg/mL ChT was added, small buds were observed
(b1 and b2), and as the enzyme concentration increased, nanoflower formation was more
evident [22]. Lin et al. immobilized trypsin on hNFs and studied its application as a reactor
for highly efficient protein digestion. One of the experiments they ran shows that for hNFs
to be formed, the trypsin enzyme must be added, and without trypsin, large crystals are
formed (Figure 5). The figure also shows that with an increasing trypsin concentration,
a flower-like structure appears [23]. Researchers in another study produced hNFs from
soybean peroxidase (SBP) and Cu?*. Their outcomes showed the same result as previous
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work, where the absence of a protein (SBP) produced a crystal-like structure, but not
nanoflowers (Figure 6) [24]. Moreover, their research shows that the presence of proteins in
the formation of hybrid nanoflowers is crucial.

Currently the majority of enzyme immobilization techniques use preexisting carriers.
In such a case, the enzyme can be immobilized by physical adsorption or attachment
through covalent bonds between the carrier and the enzyme. These methods usually
consist of the following two stages: one is the synthesis of the carriers, and the second is the
immobilization process of the enzyme on the carrier. These two steps can cause a reduction
in the reaction efficiency. Moreover, they require a lengthier process, which results in a
higher cost. One factor that distinguishes hNFs from other immobilization techniques is
that it is a one-step reaction, i.e., the carrier synthesis and enzyme immobilization processes
occur in one step. This leads to a simpler procedure, and thus a lower cost [25].
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Figure 1. Schematic illustration of the hybrid nanoflower (hNF) formation process.
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Figure 2. Formation of BSA-Cu3(POy),.3H,0 nanoflowers. The SEM images at different times: (a) 2 h,
(b) 12 h, and (c) 3 days. Reprinted from [20] with permission from Springer Nature. Copyright ©
2021, Nature Publishing Group. License Number: 5031780508604.
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Figure 3. SEM image (a) without the addition of lipase enzyme, (b) with the addition of lipase
enzyme. Reprinted from [21] with permission from the Royal Society of Chemistry. Copyright © The
Royal Society of Chemistry. License Number: 1105113-1.

Figure 4. SEM images of different ChT concentrations on the formation of nanoflowers:
(a1,a2) 0.0 mg/mL, (b1,b2) 0.05 mg/mL, (c1,¢2) 0.1 mg/mL, and (d1,d2) 0.5 mg/mL. Reprinted
from [22] with permission from the Royal Society of Chemistry. Copyright © The Royal Society of
Chemistry. License Number: 1105121-1.

Figure 5. SEM image of different trypsin concentrations on the formation of nanoflowers:
(A1,A2) 0.0 mg/mL, (B1,B2) 0.02 mg/mL, (C1,C2) 1.0 mg/mL, and (D1,D2) 5.0 mg/mL. Reprinted
from [23] with permission from the Royal Society of Chemistry. Copyright © The Royal Society of
Chemistry. License Number: 1105124-1.
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Figure 6. SEM image of different soybean peroxidase (SBP) concentrations on the formation of
nanoflowers: (A) 0.0 mg/mL, (B) 0.5 mg/mL, (C) 1.0 mg/mL, and (D) 2.0 mg. Reprinted from [24]
with permission from Elsevier. Copyright © 2021 Elsevier B.V. License Number: 5031790214453.

3. Advantages or (Properties) of Hybrid Nanoflowers
3.1. Catalytic Activity

Several enzymes, including carbonic anhydrase, lipase, trypsin, laccase, and different
types of peroxidases, have been used for the formation of hNFs through immobilization
techniques [23,24,26-30]. A significant advantage of hNF formation over other immobiliza-
tion methods is the increase in the immobilized enzyme’s catalytic activity [24]. Studies
have shown that immobilization only improves the stability, not the catalytic activity of the
enzyme (with rare exceptions). This could be as a result of the mass transfer limitations and
conformational changes in the enzyme [31,32]. For hNFs, the enhancement of the catalytic
activity of the immobilized enzyme possibly arises from several reasons, namely: (i) the
high surface area of hNFs, (ii) less mass transfer limitation, (iii) cooperative effect of the
nanoscale-entrapped enzyme, and (iv) favorable enzyme conformation in hNFs [31,33,34].

A study showed that the enzymatic activities of soybean peroxidase in hNFs formed
from different concentrations of crude SBP (0.5, 1, and 2 mg/mL) were 787, 1857, and
2500 U/mg, respectively. These results showed a ~137%, ~325%, and ~446% increase in
activity compared with free crude SBP, respectively, which has an activity of 572 U/mg [24].
Another study produced hNFs and magnetic hNFs with laccase enzyme and copper(II)
sulfate pentahydrate (CuSO4.5H;0). Laccase showed a higher activity in both hNFs than
free laccase. The laccase hNF activity was 3.3 times greater than that of free laccase, and the
laccase magnetic hNF activity was 2.7 times greater than that of free laccase. The reduction
in activity in the magnetic hNFs was attributed to the shielding of active sites on laccase
by the magnetic nanoparticles on the surface of the hNFs [34]. Another research group
working with lipase enzymes found that lipase/Zn3(PO,), hNFs had a higher enzyme
activity (855 & 13 U/g) than free lipase (328 &= 6 U/g). The increase in the enzyme activity
was 147% of the pure enzyme [35]. Yin et al. synthesized «-chymotrypsin (ChT) hNFs
and studied their use as immobilized ChT reactors for successful protein digestion. They
determined the ChT activity in hNFs to be 3410 U/mg compared with free ChT, which
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has an activity of 1123 U/mg. The results show that the enhancement in the ChT activity
was approximately 266% higher [22]. Lin et al., in another study, synthesized hNFs using
horseradish peroxidase enzyme (HRP) and copper phosphate (Cuz(PO4).3H,0) to use
as a colorimetric platform for the visual identification of phenol and hydrogen peroxide.
The results obtained showed a considerable improvement in the activity of the embedded
HRP enzyme in the nanoflowers. The free HRP activity was 2970.5 U/mg, whereas the
embedded HRP activity was 15,040.5 U/mg. This led to a 506% increase in the inactivity of
the HRP-embedded nanoflowers [36]. All of these studies solidified that organic-inorganic
hybrid nanoflowers significantly boost the catalytical activity of the embedded enzyme,
which can be ascribed to the four previously-mentioned reasons.

3.2. Stability
3.2.1. Thermal Stability

Another advantage of hNFs is the stability they provide to the enzyme. Regarding
thermal stability, a research group, Yu et al., studied the temperature effect on hNFs formed
using calcium phosphate and six different enzymes, namely: papain, bromelain, trypsin,
lipase from porcine pancreas (PPL), lipase from Thermomyces lanuginosus (TLL), and lipase
B from Candida antarctica (CALB). The results were tested in different temperature ranges
of 50, 60, and 70 °C, and showed that all enzyme-hNFs were more thermally stable than
their corresponding free enzymes. For example, after heating at 70 °C for 6 h, the residual
activity of the enzymes in hNFs was as follows: TLL-hNFs (78.3%), PPL-hINFs (72.9%),
and CALB-hNFs (84.3%), counting for a 4.57, 2.61, and 2.35 times higher activity than
the corresponding free enzymes, respectively. The authors attributed this stability to the
strong interaction between the Ca?* ions and the functional groups on the enzymes in the
hNFs and the rigidity in the inorganic hNFs that enclosed the enzyme and stopped the
peptide chains from unfolding, thus improving the thermal stability of the enzyme [37].
Another study performed on magnetic hNFs embedded with the laccase enzyme showed
that hNFs had a significantly better thermal stability than free laccase. One example is that
at 55 °C (incubation time of 1 h), the magnetic laccase-hNFs retained 80% of their activity,
which was more than that of free laccase. The results showed that a temperature of 35 °C
had no effect on the activity, and a temperature of 85 °C made laccase inactive for both
laccase-hINFs and free laccase [34].

3.2.2. Storage Stability

The storage stability of enzymes in hNFs is another essential influencing factor that has
been intensively studied. The study mentioned above also examined the storage stability
of the laccase enzyme in magnetic hNFs. The findings showed that, at room temperature,
free laccase lost 77% of its activity after 30 days and 90% after 60 days. On the other hand,
laccase-magnetic hNFs sustained 60% of their activity after 30 days and 45% after 60 days.
At 4 °C and higher, over 60 days, both laccase-magnetic hNFs and free laccase maintained
high activities. The authors suggested that the loss of activity for the free laccase was
a result of conformational changes in the enzyme. Additionally, the morphology of the
magnetic hNFs was examined using SEM over a 60-day storage period, and there was no
visible difference in the nanoflower size and hierarchical structure. In addition, leaching of
hNFs at room temperature and at 4 °C over 60 days of storage was studied by examining
the protein content in the supernatant of hNFs. The results showed that there was nearly
no detectable protein in the supernatant at the two different temperatures, which indicates
the stability of the formed hNF complex [34].

Another study synthesized hNFs using copper ions and urease enzyme at different
pH values, and examined the enzyme activity after 30 days at 4 °C and room temperature.
Both experiments showed that hNFs had a better storage stability over time than the free
enzyme. At 4 °C, the hNFs produced at different pH values of 6, 7.4, 8, and 9 lost 22.55%,
3.7%, 10%, and 15% of their initial activities, respectively. On the other hand, free urease lost
73.55% of its initial activity. At room temperature, the hNFs lost 35%, 9.28%, 13.22%, and
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22.34% of their initial activities at a pH of 6, 7.4, 8, and 9, respectively, whereas free urease
lost 90.25% of its initial activity. These findings not only show that enzyme-embedded
hNFs are more stable than their corresponding free enzyme, but also indicate that hNFs
synthesized at pH 7.4 have the best storage stability [38].

Nadar et al. prepared hNFs from glucoamylase enzymes and copper ions, and studied
their storage stability over 25 days with five-day intervals at 30 °C. Their results showed
that the free glucoamylase activity slowly decreased to 68% of its original activity, whereas
the hNFs were able to maintain 91% of their original activity [39]. Similarly, Patel et al.
found that laccase-hNFs and cross-linked-laccase-hNFs were more stable than free laccase
when stored at 4 °C for 60 days. The laccase residual activity was 53.3%, 91.5%, and
3.8% for laccase-hNFs, cross-linked-laccase-hNFs, and free laccase, respectively. Hence,
laccase-hNFs and cross-linked-laccase-hNFs had 14 and 24 times, respectively, the free
enzyme’s residual activity [30].

3.3. Reusability

Research shows that hNFs remain active for multiple reaction cycles before they lose
activity regarding reusability. In addition, research has shown that they can be recycled by
adding fresh enzymes. Yn et al. rebloomed the hNFs they produced using the following
method (Figure 7). First, 0.2 mL of acetic acid or phosphoric acid was added to dissolve
the original hNFs. After that, the reaction mixture was heated for 10 min at 100 °C to
denature all of the enzymes. The denatured enzymes were then removed via filtration or
centrifugation. Then, the solution pH was adjusted to 6.7 using Ca(OH),. A rebloom of
the hNFs occurred when fresh enzymes were added to the solution, and co-crystallization
occurred with Ca(POy);. The reaction was kept at 4 °C for 24 h. Then, the nanoflowers were
separated and used as the original hNFs. The researchers examined both the activity of the
dual cycle hNFs and the recovery of Ca(POy), for six different enzyme models. The results
showed no noticeable differences between the original hNFs and the dual-cycle hNFs,
which suggested that certain molecules, such as amino acids, do not affect the catalysis
of the dual-cycle hybrid nanoflowers. While examining the recovery rate percentage of
Ca(POy); by checking their weight while dry and after recrystallization, the result showed
up to a 99% recovery of Ca(POy); for six enzymes-hNFs. In summary, the activity of the
enzymes and the recovery of Ca(PO,); before and after the dual cycle were nearly constant
for all of the tested enzyme model hNFs [37].

Fresh
Enzyme

Denatured
Enzyme

OH-
Enzyme

o
’ Ca;3(POy),

Figure 7. Dual cycle process for enzyme immobilization. Reprinted from [37] with permission from
the Royal Society of Chemistry under the Creative Commons Attribution 3.0 Unported Licence.
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Memon et al. synthesized hNFs using alcalase and Ca ions. When examining the
reusability of the hNFs, the results showed that hNFs maintained 85.4% of their activity
during seven cycles [40]. A research group investigated the reusability of hNFs produced
from papain enzymes and Zn ions. The findings thus showed that the enzyme could
maintain 88.8% of its original activity for ten cycles, but there was a steady decrease in its
activity as the cycle number increased [41].

4. Types and Synthesis of Organic-Inorganic Hybrid Nanoflowers

As discussed earlier, hybrid nanoflowers are formed between a protein (organic
component) and a metal ion (inorganic component). When proteins have a metal-binding
site they can form complexes with ions through coordination interactions. For example,
enzymes with nitrogen atoms in their amine and amide groups can form complexes
with different metals through coordination interactions, i.e., the beginning of hybrid
nanoflower synthesis [20,33,42]. Hybrid nanoflowers can be categorized based on the
assembly of the particles, the type of protein/enzyme (organic component), and the metal
ion (inorganic component) used. Table 1 shows the different metals and proteins used
for hybrid nanoflower synthesis. The preparation of different hNFs based on the use of
different metals is discussed next.

Table 1. Different hNFs based on the different metal ions and enzymes used.

Metal Ion Enzyme Class of Enzyme Application Reference
Turkish black radish Peroxidase Dye decolorization [43]
Horseradish peroxidase Peroxidase Detection of hydrogen peroxide [44]
Horseradish peroxidase Peroxidase Detection of E. coli [45]
Horseradish peroxidase Peroxidase Elf;icotlion of hydrogen peroxide and [36]
Horseradish peroxidase Peroxidase Detection of amyloid [46]
Horseradish peroxidase Peroxidase - [47]
Horseradish peroxidase Peroxidase - [42]
Horseradish peroxidase Peroxidase - [48]
Horseradish peroxidase Peroxidase - [49]
Horseradish peroxidase Peroxidase - [50]
Chloroperoxidase (CPO) Peroxidase Dye decolorization [29]
Soybean peroxidase (SBP) Peroxidase - [24]

Copper (IT) fons Lactoperoxidase (LPO) Peroxidase - [51]
Catalase Peroxidase Glucose biofuel cell [52]
Catalase Peroxidase Detection of hydrogen peroxide [53]
Catalase Peroxidase - [50]
Laccase Laccase [42]
Laccase Laccase Degradation of the pollutant bisphenol A [34]
Laccase Laccase Decolorization of Congo Red (CR) [32]
Laccase Laccase Dye decolorization [30]
Laccase Laccase - [54]
Laccase Laccase Detection of phenol [55]
Laccase Laccase Synthesis of viniferin [56]
Laccase Laccase Synthesis of viniferin [57]
Laccase Laccase Glucose biofuel cell [52]
Glucose oxidase (GOx) Carbohydrase Detection of glucose [58]
Glucose oxidase (GOx) Carbohydrase - [50]
Glucose oxidase (GOx) Carbohydrase Glucose biofuel cell [52]
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Table 1. Cont.

Metal Ion Enzyme Class of Enzyme Application Reference
Glucose oxidase (GOx) Carbohydrase - [59]
L-Xylanase Carbohydrase - [60]
Glucoamylase Carbohydrase - [39]
«-Glycosidase Carbohydrase Testing for x-glycosidase inhibitors [61]
L-Arabinose Isomerase Carbohydrase lljfil‘;irlitsigr;r?cfl tgfﬁ:ﬁg;‘:ive rare sugar [62]
Candida rugosa lipase Lipase - [63]
Candida antarctica lipase Lipase Epoxidation of fatty acids [64]
pseudomonas cepacia lipase Lipase - [65]
Bacillus subtilis lipase Lipase Transesterification of (R,S)-2-pentanol [66]
Lipase Lipase p-nitrophenol butyrate hydrolysis [67]
Lipase Lipase - [27]
Lipase Lipase - [68]
Lipase Lipase - [69]
Lipase Lipase Uses as green media solvent [70]
Lipase Lipase Biodiesel synthesis [71]
proteinase K Protease Detergent additive [72]
Alkaline protease Protease - [73]
Trypsin Protease Protein digestion [23]
Papain Protease - [42]
Papain Protease - [74]
Papain Protease - [69]
Papain Protease - [75]
acr?;f:esgggi:}dl ?jrgiﬁ(zzi Dual enzyme Detection of cholesterol [76]
Glucose oxidase and lipase Dual enzyme Epoxidation of alkenes [77]
Acetylcholinesterase and On-site detection of the pesticide
choline oxidase Dual enzyme organophosphorus (78]
Glucose oxidase and Monitoring urinary tract infection (UTI) in
horseradish peroxidase Dual enzyme clinical practice [79]
}?(l);l;;saed(;:lid;esfoi?;ase Dual enzyme Glucose sensor [80]
}?(l);l;;saed(;:lid;esfoi?;ase Dual enzyme Detection of glucose [81]
}?(l);l;;saed(;:lid;esfoi?;ase Dual enzyme Detection of glucose [82]
Cytochrome P450 Others Oxidation of sulfides [83]
L-Arabinitol 4-dehydrogenase ~ Others L-xylulose production [84]
Urease Others - [38]
g)r(ei:;;kéic(tcegllljr;\ cholesterol Others B [85]
Carbonic anhydrase Others - [26]
2,4-dichlorophenol Others B [86]

hydroxylase
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Table 1. Cont.

Metal Ion Enzyme Class of Enzyme Application Reference
chloroperoxidase (CPO) Peroxidase - [87]
Chitosan and Catalase Peroxidase - [88]
«-amylase Carbohydrase - [89]
3-Galactosidase Carbohydrase Protein biomarker [90]
Candida antarctica lipase Lipase - [37]
Porcine pancreas lipase Lipase - [37]
Thermomyces lanuginosus lipase Lipase - [37]
Burkholderia cepacia lipase (BCL)  Lipase - [21]
Alcalase Protease - [40]
Bromelain Protease - [37]
Calcium (IT) fons Trypsin Protease - [37]
Papain Protease - [37]
Digestion of bovine serum albumin
a-chymotrypsin Protease (BSA) and human serum albumin [22]
(HSA)
Production of (S)-1-(2,
Dual enzyme: 6-dichloro-3-fluorophenyl) ethyl
Aldehyde ketone reductase and Dual enzyme alcohol, a key chiral alcohol that is an [91]
alcohol dehydrogenase intermediate of Crizotinib, an
anti-cancer drug
giﬁc)eéc))lactate decarboxylase Others Inhibition of diacetyl formation in beer  [92]
Elastin-like polypeptide (ELPs) Others Detection of HyO, [93]
Invertase Others E. coli detection from milk [94]
Carbonic Anhydrase Others - [26]
L-Arabinose Isomerase Carbohydrase g_a;;b;;)tr(z:tion of D-Galactose to [95]
Collagen Others Water oxidation [96]
Manganese (1) ions Bovine serum albumin (BSA) Others Catalysis in fuel cells [97]
Carbonic Anhydrase Others - [26]
Ractopamine antibody Others f;i:;;?;?ﬁizftzgie;sors [98]
Lipase Lipase Regioselective acylation of arbutin [99]
Lipase Lipase - [35]
Zine (IT) fons Papain Protease - [41]
Bovine serum albumin (BSA) Others Adsorption of heavy metal ions [100]
Chloroperoxidase (CPO) Peroxidase Dye decolorization [29]
p-Psicose 3-Epimerase (DPEase) Carbohydrase - [101]
Lipase Lipase - [102]
Cobalt (IT) ions w-Transaminase Others - [103]
Bovine serum albumin (BSA) Others - [104]
Bovine serum albumin (BSA) Others - [105]
His-tagged enzyme Others Redox reaction cycles [106]
Iron (II) ions Horseradish peroxidase Peroxidase - [107]
Glucose oxidase (GOx) Carbohydrase - [108]
é\égg;:itzlim) Laccase Laccase Eegradation of the pollutant bisphenol [109]
(stlr; _nnll;;?; Pullulan (polysaccharide polymer)  Others - [110]
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4.1. Copper-Based Hybrid Nanoflowers

For the first hNFs produced [20], an aqueous CuSOj solution was added to phosphate-
buffered saline (PBS) that contained bovine serum albumin (BSA). The reaction succeeded
at room temperature and was incubated for 3 days. Scientists then confirmed the synthesis
process of hNFs by replacing BSA with other proteins, including a-lactalbumin, carbonic
anhydrase, laccase, and lipase (Figure 8). One of the experiments performed on laccase-
copper phosphate nanoflowers showed that laccase hNFs had an activity that was 4.5-6.5
higher than that of free laccase for oxidizing catecholamine syringaldazine. Additionally,
they showed a good stability and reusability. Another experiment showed that the activity
of carbonic anhydrase-embedded hNFs was 2.6-fold higher than the free form activity in
the hydration of CO, [20].

Figure 8. SEM images of hybrid nanoflowers: (a-1) column 1, a-lactalbumin; column 2, laccase; column 3, carbonic
anhydrase; column 4, lipase; at protein. Reprinted from [20] with permission from Springer Nature. Copyright © 2021,
Nature Publishing Group. License Number: 5031780508604.

As the first discovered hybrid nanoflowers used protein-Cu ions, the majority of work
was done on them. Another study showed the synthesis of hNFs from Turkish black radish
peroxidase and copper ions. This study showed that hNFs had a better activity and stability
in a wide range of pH values, as well as the ability to degrade 90% of Victoria blue dye [43].
As shown in Figure 9, hNFs are formed from glucose oxidase and copper ions embedded
in amine-functionalized magnetic nanoparticle-labeled MNP-GOx NFs as antibacterial
agents. The results showed that MNP-GOx NFs demonstrated an antibacterial activity with
Gram-positive S. aureus and Gram-negative E. coli in a broad spectrum. This was done by
disturbing the bacterial cells with the H,O, produced by GOx [111]. Yang et al. produced
hNFs from copper phosphate and horseradish peroxidase. These hNFs exhibited a linear
detection from 100 nM to 100 uM H,O,. Additionally, they showed a good reusability and
excellent storage stability [44]. Sun et al. [112] synthesized copper polyphosphate kinase 2
hNFs and formed an ADP regeneration approach from AMP using hNFs. The resulting
hNFs had a better storage stability, in addition to a broader pH and temperature ranges.
Additionally, it showed a better ADP production and retained 71.7% of its original activity
after ten cycles, which showed good reusability.
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Figure 9. Preparation of MNP-GOx NFs. Reprinted from [111] with permission from Elsevier. Copyright © 2021 Elsevier
B.V. License Number: 5031790647430.

Li et al. [42] produced hybrid nanoflowers on a nanofiber membrane surface from
copper ions and different proteins. This led to the production of a very biocompatible and
multilevel surface. The produced copper hybrid nanoflowers displayed an improved sta-
bility compared with the free protein that could stem from the protein’s protection from the
inorganic crystals. Figures 10 and 11 show the mechanism of how this happens. The gained
stability in the hybrid nanoflowers can lead to their introduction to the application, each as
biodevices and biocatalysts. The researchers found that by changing the concentration of
the protein (Figure 12), the incubation time, the composition of the nanofiber membrane,
and the preparation of the mineralizing solutions, the composition and structure of the
copper hNFs could be controlled on the nanofiber membrane. The results showed that the
different proteins tested (papain, bovine serum albumin (BSA) laccase, and horseradish
peroxidase) gave different ANF morphologies, which is supported by previous studies.

. | mhedslsls e a e 1
@ Excisn | HPOZ «—» H' + PO I

Coordination
( - ) : Cu?* + PO, + 3H,0—» Cus(PO,), 3H,0

I
| Cu* + Protein — Cu? = Protein

Cu,(PO,), -3H,0 crystals

Protein molecules embedded into thinner Oriented growth to form Copper
or thicker Cu;(PO,), -3H,0 crystals based Inorganic-protein hybrid petals

Figure 10. Formation of copper hNFs. Reprinted from [42] with permission from the American Chemical Society. Copyright
© 2021 American Chemical Society.
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Figure 11. The growing process copper—protein hNFs. Reprinted from [42] with permission from the American Chemical
Society. Copyright © 2021 American Chemical Society.

Figure 12. SEM of Cu-BSA hNFs with different protein concentrations, with an incubation time of 6 h. Reprinted from [42]
with permission from the American Chemical Society. Copyright © 2021 American Chemical Society.
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4.2. Calcium-Based Hybrid Nanoflowers

Even though the most commonly used metal for the synthesis of hybrid nanoflowers is
copper, another metal that is heavily used to produce hNFs is calcium. Wang et al. reported
the synthesis of x-amylase-CaHPO, hybrid nanomaterials, inspired by the allosteric effect.
The work showed three different nanomaterial morphologies: nanoflowers, nanoplates,
and parallel hexahedrons. While studying the enzymatic activity of x-amylase in the
three different nanomaterial systems developed, and free x-amylase with and without
calcium ions, the researchers credited two main factors that increased the enzymatic activity
of x-amylase, namely: the allosteric effect of calcium ions with the amine group of the
enzyme and the morphology of the nanomaterials [89]. Self-repairing hNFs were built from
Caz(POy); and chloroperoxidase (CPO) with a sodium alginate (SA) coating. The results
showed that the immobilized enzyme had similar K, and Kca¢ values, compared with the
free enzyme. Additionally, it demonstrated the ability of the immobilized chloroperoxidase
to work in acidic conditions, where it was able to maintain more than 85% of its activity after
12 cycles. Figure 13 shows the process of self-repairing SA-coated CPO-Ca3(POy); hybrid
nanoflowers [87]. Zhao et al. [92] synthesized calcium hNFs by combining Ca3(PO,); and
x-acetolactate decarboxylase (ALDC) enzymes. These hNFs had a better activity than the
free ALDC.

HPQO?* o s
=+ CaCl, % .& "‘_ e
Ty o -
° : ° h' 5‘.:.
Acid Acid
treatment treatment
‘o ( g / »

............................. Self-

"o

can’t recycle - repairing

.....
.

® .
° Protein
Ca2+

—\,\"‘ Sodium alginate

Figure 13. The process of self-repairing sodium alginate (SA)-coated CPO-Caz(POy); hybrid nanoflowers. Reprinted
from [87] with permission from the Royal Society of Chemistry. Copyright © The Royal Society of Chemistry. License
Number: 1105129-1.
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4.3. Manganese-Based Hybrid Nanoflowers

Nearly all of the hybrid nanoflowers produced in the literature use copper or calcium
ions. Nevertheless, several studies use different metal ions. One of these metals is man-
ganese; specifically, manganese(II) phosphate is used because of its unique electrochemical
properties [113-115]. Rai et al. [95] synthesized hNFs using manganese metal as the in-
organic component and 1 -arabinose isomerase as the organic component. Recombinant
L-arabinose isomerase with 474 amino acids was synthesized into E. coli from Lactobacillus
sakai. Hybrid nanoflowers with a spherical hierarchical morphology were produced using
purified recombinant isomerase.

Several studies were performed on the | -arabinose isomerase embedded in the hybrid
nanoflowers, and a circular dichroism (CD) analysis recorded no change in the isomerase
structure. Compared with free | -arabinose isomerase, hNF-embedded 1 -arabinose iso-
merase demonstrated better kinetic parameters. Interestingly, | -arabinose isomerase con-
verted approximately 50% of D-galactose to D-tagatose, a rare type of sugar, without adding
more manganese to the reaction, showing the possibility of commercial production of this
sugar using manganese /| -arabinose isomerase hNFs. In addition, these hNFs show good
reusability and reproducibility in multiple reaction cycles. Munyeman et al. [96] reported
the synthesis of collagen/manganese phosphate hNFs in an environmentally friendly
biomineralization method. In this study, collagen was used as the biotemplate agent to
produce hNFs. Additionally, it was used to bind the petals of the nanoflowers together.
These hNFs had a great catalytic activity in relation to water oxidation. Zhang et al. [97]
prepared hNFs from manganese(II) phosphate and bovine serum albumin (BSA). The
results showed a good catalytic activity in the fuel cells.

4.4. Zinc-Based Hybrid Nanoflowers

Although the synthesis of copper hybrid nanoflowers is simple and easy, its three-day
production process is one of its disadvantages. Thus, it is important to reduce the synthesis
time to a more appropriate period. This can be done by choosing the right metal ions or by
changing the synthetic method. When choosing metal ions, zinc displayed a faster reaction
rate towards phosphate radicals than copper ions [35,41,100]. Zhang et al. showed that
hNFs were prepared from zinc phosphate Zn3(POy); and lipase. The formation time of
Zn(POy), /lipase hNFs took less than three hours, and the formation time of hNFs using
Cu(POy), took three days. Zn(POy),/lipase hNFs showed a great operational stability
compared with free enzymes [35]. In another study, hNFs were made using Zn(POy), and
papain, and the resulting hNFs showed a higher activity than free papain, in addition to
a better thermal stability and storage life [41]. Zhang et al. [100] prepared hNFs using
Zn and bovine serum albumin (BSA) at 25 °C. These hNFs had an average size of 2.3 um
with a surface area of 146.64 cm?/g. The hNFs were used for Cu (II) ion adsorption. The
adsorption efficiency of the Zn hNFs towards copper ions was 86.33% at 5 min and 98.9%
at 30 min. The highest adsorption capacity obtained with these hNFs was 6.85 mg/g. This
study showed the ability of Zn(POy),/BSA hNFs to be used as a fast and efficient method
for Cu?* removal.

4.5. Cobalt-Based Hybrid Nanoflowers

Despite the various studies that investigated the synthesis of hybrid nanoflowers,
only a few studies have shown the use of cobalt ions in the formation of hNFs. Kim et al.
synthesized protein/cobalt hNFs using BSA and cobalt ions. The work illustrated that the
BSA protein could be a template to interact with cobalt phosphate to produce protein-metal
hNFs [104]. Kumar et al. [102] produced hNFs using cobalt ions and lipase enzymes. The
immobilized lipase showed a 181% higher activity than the free enzyme. Additionally, it
offered a better catalytic performance in harsh reaction conditions and higher temperatures.

55



Nanomaterials 2021, 11, 1460

4.6. Iron-Based Hybrid Nanoflowers

Studies that use iron ions to produce hNFs are limited. Ocsoy et al. [107] used Fe*?
and horseradish peroxidase (HRP) to produce hNFs. The results showed an approximately
512% increase in the activity of HRP when stored at 4 °C and an approximately 710%
increase when stored at room temperature compared with the free enzyme. Additionally,
the immobilized HRP lost 2.9% and 10% of its initial activity after 30 days when stored at
4 °C and room temperature, respectively. However, the free HRP lost 68% of its activity
when stored at 4 °C and 91% when stored at room temperature.

4.7. Multi-Metal-Based Hybrid Nanoflowers

As previously mentioned, there is an extensive range of research and studies in the
literature on using different metals to produce hierarchical hybrid nanoflower structures,
such as copper, calcium, manganese, zinc, and cobalt. However, few studies have attempted
the production of multi-metal-based hybrid nanoflowers; here are a few of them. In 2019,
Patel et al. produced hybrid nanoflowers based on copper and zinc ions. The novel
multi-metal nanoflowers were synthesized using a laccase enzyme. The Cu/Zn-laccase
showed a higher encapsulation yield percentage than the copper-laccase and zinc-laccase
hNFs, which were 96.5%, 87.0%, and 90.2%, respectively. The multi-metal nanoflowers
(Cu-/Zn-laccase) were 1.2-, 1.5-, and 2.6-fold higher than zinc-laccase, copper-laccase, and
free laccase, respectively. Interestingly, the multi-metal nanoflowers showed a charge
transfer resistance that was 2.1-fold lower than zinc-laccase hNFs, and when compared
with copper-laccase hNFs it was 2.7-fold lower. For the degradation of bisphenol A, the
remaining multi-metal nanoflower activity was 1.9-fold higher than that of zinc-laccase
hNFs and 5.1-fold higher than that of copper-laccase hNFs [109].

4.8. Non-Metal-Based Hybrid Nanoflowers

As mentioned above, there is extensive work in the literature on certain metals, such
as copper, calcium, manganese, zinc, cobalt, and iron. Nevertheless, few studies have
tried to produce non-metal hybrid nanoflows. In 2018 [110], selenium (non-metal) hybrid
nanoflows were synthesized. In recent years, selenium nanoparticles have been studied as
drug carriers because they are nontoxic and have a good biological activity and bioavail-
ability [116-121]. There have been attempts to produce selenium nanoparticles (SeNPs)
with different structures, shapes, and morphologies, including nanoplates, nanotubes,
and nanospheres [61-63]. The addition of a biopolymer that is functionalized with these
nanoparticles has led to an increased stability and control over the shape and size [122,123].
hNFs were synthesized using pullulan/SeNPs, and pullulan was used as a substitute for
the use of proteins [110]. SeNPs were then stabilized using folic acid-decorated cationic pul-
lulan (FA-CP), and presented a flower-like structure. The produced nanoflowers showed
an excellent drug adsorption for doxorubicin and had a 142.2 mg/g loading capacity. The
study showed that doxorubicin’s loading capacity is three times greater in pullulan/SeNP
nanoflowers than in spherical SeNPs. Additionally, these hNFs showed a better activity
towards cancer cells, and they were less toxic towards normal cells.

4.9. Enhancing Hybrid Nanoflowers Synthesis

One of the most significant drawbacks of hNFs is their size, which is usually in the
nano- or micro-scale range. Thus, it is difficult to separate them from their reaction mix-
ture. Some studies have been performed to improve the synthetic processes of hybrid
nanoflowers. Recently, scientists developed supported hybrid nanoflower methods to
overcome some of the drawbacks of the use of hNFs. Alginate gel beads were used to
entrap a-acetolactate decarboxylase/calcium hNFs. These entrapped hNFs showed a better
stability and recyclability than the free enzyme [92]. Another study by Zhu et al. used a cel-
lulose acetate membrane for laccase/copper ion hNFs. The captured hNFs showed a high
reproducibility and reusability for phenol detection [55]. Cao et al. [124] produced a glassy
carbon electrode (GCE) surface on which bovine serum albumin (BSA)/Ag nanoflowers
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were immobilized, coupled with a targeting lectin molecule for detecting human colon
cancer cells. This sensor showed specificity for a cell expressing sialic acid. Therefore, it
has a possible application for monitoring tumor cells.

4.10. Morphology of Hybrid Nanoflowers

hNFs commonly have a hierarchical structure and nanoplate petals that look like
flower petals. These nanoplates/nanopetals are made of enzyme and metal phosphate.
From the first hybrid nanoflower produced by J. Ge et al. in 2012, there have been numer-
ous synthesis techniques to produce hNFs, which have resulted in different hNFs with
different microstructures [125-127]. Table 2 shows the most common hNF microstructure
morphologies, which are spherical, rosette, and rhombic, with their equivalent flowers in
nature. Typically, hNFs have a diameter range between 1-30 pm. There are many factors
and reaction conditions that control the shape and size of hNFs; these factors include
(I) the type of enzyme used; (II) the type of metal ion; and (III) the reaction condition,
which includes the pH value, the reaction temperature, and time [69]. Table 3 shows how
morphology differs with changing the factors and conditions.

Table 2. Characteristic of hybrid nanoflowers.

Nature Flower Shape Example SEM Image Size Reference
The enzyme:
Brevibacterium The metal: 5 um 85]
cholesterol copper w N
oxidase (COD)
1 min sonication:
~2 um
Spherical 5 min sonication:
The enzyme: The metal: ~8 um
1 7 mi ication: [54]
accase copper min sonication:
No additional
increase in the
size
The enzyme:
glucose oxidase .
(GOx) + g‘e ‘:f*al' 30 um 180]
horseradish PP
peroxidase (HRP)
The enzyme: The metal: 7.564 um [61]
a-glycosidase copper
Rosette
The enzyme: The metal: 10t 20 um 153]
catalase copper

57



Nanomaterials 2021, 11, 1460

Table 2. Cont.

Nature Flower Shape Example SEM Image Size Reference

The enzyme:
streptavidin + The metal:

horseradish copper 5 um [49]
peroxidase (HRP)
The enzyme:
D-psicose The metal:
3-epimerase cobalt 7 um [101]
(DPEase)

Rhombic
The enzyme: The metal: i 1)
papain zinc
The enzyme: The metal: i 0]
laccase copper
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4.11. The Type of Enzyme Used

As mentioned above, for hNFs to form, the presence of an enzyme is essential. En-
zymes attach to the petals of various metal phosphate nanoplates. Numerous studies have
shown that different enzymes lead to the formation of different ANF morphologies [21-24].
Chung et al. [52] developed hNFs using copper ions with various enzymes, including
glucose oxidase (GOx), laccase, and catalase. Each enzyme gave a unique microstructure
morphology of the hNFs, as illustrated in Table 3 (1, 2, and 3).

Zhang et al. [35] showed the use of lipase enzyme to form hNFs (Table 3 (4)), which
has a completely different morphology from the three previously mentioned enzymes of
glucose oxidase (GOx), laccase, and catalase. Another study used enzymes, laccase, papain,
and horseradish peroxidase (HRP) to synthesize different shapes and sizes of hNFs [42].
Research explains that the diversity of hNF morphology arises from the various amide
groups on the surface of the enzyme used. Thus, it presents different nucleation sites
with varied geometries and densities for phosphate metal nanoplates to bind [20,33]. In
addition, Lin et al. revealed that the employed enzyme’s molecular weight has an impact
on the hNF structure [36].

Additionally, it has been determined that the concentration of the enzyme plays
a role in the final morphology of hNFs, where it can affect the size and density of the
nanoplates [56]. Several studies have indicated that the lower the enzyme concentration
used, the larger the size of the hNFs formed with a lightly constructed structure. In addition,
an increase in the employed enzyme content leads to a denser packed structure, although
the size will decrease if the enzyme concentration reaches a particular value [72,86,99]. The
reason behind this is the subsequent increase in the number of nucleation sites [68,103].
Table 3 (5-12) shows the synthesis of two different hybrid nanoflowers using two different
enzymes (lipase and papain) with the same metal ion (Zn). As seen from the table, the
morphology of both hNFs dramatically changes with an increased amount of enzyme,
from a rhombus shape to a square, oval shape. With the continuous addition of the enzyme
(an excess amount), the shape changes into a dense cluster structure with cracks instead of
a well-formed flower shape [35,41].

4.12. The Type of Metal Ion Used

In the formation of hNFs, metal ions play an essential role in the primary crystal
nucleation step and metal-enzyme coordination to produce hNFs. Table 3 (13-15) shows a
study where hNFs were synthesized using a chloroperoxidase enzyme with three different
metals (copper, cadmium, and cobalt). It was observed that copper and cobalt hNFs had
similar morphologies, while cadmium hNFs were completely different. Copper and cobalt
hNFs had a spherical flower-like structure, whereas cadmium hNFs had a butterfly-like
structure [29]. The effect of the metal ion concentration on the morphology of hNFs was
also studied. The results show that with an increase in the metal ion concentration, the
hNF morphology becomes much denser [38,85].

Rai et al. [95] produced hNFs using 1 -arabinose isomerase as the organic component,
and 13 metal ions, including manganese, cobalt, magnesium calcium, potassium, sodium,
nickel, and lithium, as the inorganic component. It was determined that manganese and
cobalt ions can substantially improve the catalytic activity of the enzyme. In contrast, the
magnesium calcium, potassium, sodium, nickel, and lithium ions had no impact on the
enzyme activity.

4.13. Reaction Condition (pH, Temperature, and Time)

It is well known that the charge of the enzyme varies at different pH values. Thus,
leading to the enzyme’s different interaction capabilities in the formation of hNFs will
influence the morphology of the hNFs [74]. Nadar et al. [39] examined the effect of changing
the pH on hNFs synthesized using copper ions and glucoamylase enzymes. The study
tested the pH range from 3.5 to 9.5. The net change in free glucoamylase enzymes is
neutral, and it has an isoelectric point (pl) of approximately 6. The enzyme is expected
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to have a positive charge below the isoelectric point, and a negative charge above the
isoelectric threshold. No nanoflower formation was observed at pH values of 3.5, 4.5,
and 5.5 (below the isoelectric point). This can be explained by the fact that the positively
charged protonated glucoamylase enzyme had an extremely strong repulsion with the
positive copper metal ions at a low pH. Hence, no nanoflowers were formed. At pH values
higher than the pl point, the charge on the glucoamylase enzyme surface was negative
because of deprotonation. Glucoamylase/Cu?* ions hNFs were formed in this pH range. It
was observed that at pH 7.5 the nanoflowers were less packed, which is attributed to the
small rise in the negative charge on the enzyme. At pH 9.5, nanoflowers did not form. This
is because of the increased repulsion between the negative charges that are highly dense
on the surface of the glucoamylase enzyme. Therefore, Cu3(POy),-3H,O petals repel one
another rather than attaching. Table 3 (16-19) shows the morphology of the synthesized
lipase/copper hNFs at different pH values, where the enzyme concentration is 1.0 mg/mL.
The pH values of phosphate-buffered saline (PBS) were adjusted to 6.0, 7.4, 8.0, and 9.0. It
was noted that the density of the petals decreased as the pH value increased. However, the
diameters and the size of the formed nanoflowers remained the same [69].

Another important reaction condition that affects the morphology of hNFs is tempera-
ture. Temperature can play a vital role by initiating the various diffusion activities of the
enzyme at different applied temperatures. Thus, nanoflowers have different degrees of
density in petals and alter their size and diameter [43]. Table 3 (20-23) shows the effect of
temperature on the production of calcium ions/elastin-like polypeptide (ELP) hNf and cop-
per ions/ELP hNFs. ELPs are a class of polypeptides derived from an amino acid sequence
of naturally accusing elastin in humans. Their pentapeptide sequence is Val-Pro-Gly-X-Gly,
where X is any amino acid, other than from Pro. ELPs have a key transition temperature
(Tt), where ELPs are soluble in the solution below it. Nevertheless, above this temperature,
ELPs will suffer a phase transition that is destructive to the polypeptide. As seen from the
table, the morphology of the hNFs synthesized below T; (4 °C) had larger, more expanded
petals. However, the hNFs synthesized above T; (37 °C) had a more closed structure [93].
Another study, shown in Table 3 (24-27), demonstrated that hNFs formed at 20 °C had a
more oval spherical shape with cracks. However, when the temperature increased above
40 °C, the shape of the hNFs changed to a more sheet-like structure, and as the temperature
further increased, the hNF sheet morphology increased [35]. Altinkaynak et al. [51] showed
the production of hNFs from copper ions and lactoperoxidase (LPO), and it was concluded
that at a lower temperature, the petals of the hNFs became more compacted. This result is
shown in Table 3 (28-29). For this, the ideal temperature for the synthesis of the best ANF
structure must be investigated.

An additional factor that can affect the hNF morphology is the reaction time. The
reaction time of the hNFs depends on the method used to produce them. Since the
discovery of hNFs, there have been different time intervals used when producing them.
Some of these time intervals include 3 days [20,30,38,44,68,111], 24 h [34,39,109], 3 h [35],
and 5 min [52,58]. Table 3 (30-32) shows the different stages of hNF formation. The first
step, nucleation, which is the formation of primary copper phosphate crystals, occurs
between 0 and 2 h. The second step, growth, is when the metal ion and the enzyme form
large agglomerates, which are the primary petals. This occurs between 2 to 8 h. In the last
step, complete hNFs are formed, which occurs between 8 to 24 h [39].

5. Applications for Hybrid Nanoflowers

The excellent catalytic properties of hNFs have provided a wide selection of applica-
tions. Some of these applications are in the fields of biosensors, biomedical, bioremediation,
and industrial biocatalysts [45,128-130]. Different examples of these applications are
illustrated in Figure 14.
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Figure 14. Summary of different applications used for hNFs. (A) Fast detection of phenol using laccase/cooper phosphate
hNFs integrated into a membrane. Reprinted from [55] with permission from John Wiley and Sons. Copyright © 2021
WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim. License Number: 5031800087304. (B) Detection of ractopamine using
a protein/manganese ion hNF electrochemical biosensor. Reprinted from [98] with permission from Elsevier. Copyright ©
2021 Elsevier B.V. License Number: 5031800271904. (C) Selective separation of cadmium and lead in water, cigarette, and
hair samples using BSA /copper ions hNFs. Reprinted from [131] with permission from Elsevier. Copyright © 2021 Elsevier
B.V. License Number: 5031800434687. (D) Degradation of bisphenol A using laccase/cooper phosphate hNFs. Reprinted
from [34] with permission from Elsevier. Copyright © 2021 Elsevier B.V. License Number: 5031800600650. (E) Epoxidation
of alkenes using dual enzyme system GOx and lipase/copper ions hNFs. Reprinted from [77] with permission from Elsevier.
Copyright © 2021 Elsevier Ltd. License Number: 5031800753597. (F) Transformation of D-Galactose to D-Tagatose using
L-Arabinose Isomerase/manganese ions hNFs. Reprinted from [95] with permission from the American Chemical Society.

Copyright © 2021 American Chemical Society.

5.1. Biosensors

A biosensor is an analytical device employed to detect chemical substances and has
recognition elements (biological components), such as enzymes, antibodies, microorgan-
isms, and DNA [132,133]. There is a higher demand for cheap, easy, fast, and sensitive
analytical biosensors [134]. Synthesized organic-inorganic hybrid nanoflowers have re-
cently been used as novel biosensors with different classes of enzymes and metal ions
because of their high surface area and sensitivity [135].

Zhu et al. produced hNFs for the fast detection of aqueous phenol using laccase
enzyme and copper phosphate integrated into a membrane. The results showed the
ability for the rapid on-site detection of phenol in water [55]. Zhang et al. reported the
production of an electrochemical biosensor using Mn ions/protein hNFs. These hNFs were
able to detect ractopamine and showed a high activity and an excellent electrochemical
performance [98]. Additionally, copper/HRP hNFs could be used as a sensor for dopamine
detection [31]. Sun et al. [80] used dual enzyme (HRP + GOx) hNFs as colorimetric sensors
for glucose detection.

5.2. Environmental Applications

Environmental pollutants are a rising concern worldwide. Multiple methods have
been used to eliminate these pollutants in the environment. One of these methods is
bioremediation, which utilizes microorganisms and enzymes to reduce the concentrations
of these harmful pollutants to an acceptable range [136-139]. Although enzymatic treatment
has been shown to be effective, it faces some challenges, including a low activity, stability,
and sustainability. Recently efforts have been made to immobilize enzymes on different
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support materials that can eliminate some of the challenges of using free enzymes [140,141].
However, traditional immobilization techniques can lead to a reduced activity of the
enzyme compared with the free enzyme. Thus, enzyme immobilization of hNFs has been
shown to increase the activity, stability, and reusability of the enzyme [24,37]. Yilmaz
et al. produced hNFs from BSA/copper ions for the selective separation of cadmium
(Cd) and lead (Pb) in water, cigarette, and hair samples. The method reported a low
detection limit for Cd and Pb compared with the other existing methods [131]. The Rong
group synthesized hNFs using laccase/copper ions and loaded them onto a treated Cu
foil surface. These hNFs showed a high decolorization efficiency and rate on Congo red
(CR) dye compared with the free enzyme. In addition, the hNFs showed a good stability
and reusability [32]. Fu et al. [34] produced enzyme hNFs that could degrade 100% of
bisphenol A within 5 min.

5.3. Industrial Biocatalytic Applications

As a result of the great activity, stability, and reusability of enzymes immobilized on
hNFs, there has been increasing interest in their use in industrial biocatalytic applications,
making them a prominent research area [142]. Zhang et al. [77] used hNFs made from a
dual enzyme system GOx + lipase/copper ions for the epoxidation of alkenes. The hNFs
showed an excellent reusability, retaining 82% of their activity after ten reaction cycles.
First, hydrogen peroxide is produced by GOx from glucose and is then directly used by
lipase. As a consequence of lipase, carboxylic ester is converted into peracid. After that,
peracid is used in the epoxidation of alkenes.

Hybrid nanoflowers are also used in the food manufacturing industry [62,95]. Bai
et al. and Xu et al. were able to synthesize two expensive rare sugars: L-ribulose and
D-tagatose. These sugars are monosaccharides, but are very difficult to find in nature.
Multiple chemical reactions have been employed to manufacture L-ribulose and D-tagatose
from disaccharides and polysaccharides. They used L-arabinose isomerase as the organic
component in hNFs and manganese ions [95] and copper ions [62] to produce sugars.
The conviction rates were 50% and 61.88% for the manganese hNFs and copper hNFs,
respectively. In addition, hNFs can be used in the brewing industry. hNFs made from o-
acetolactate decarboxylase (ALDC)/calcium ions can be used to inhibit diacetyl formation
in beer, which results in a buttery off-flavor [92].

6. Cost Assessment and Industrial Integration Aspects

As discussed above in the representative sections/subsections, the development of
immobilized enzyme-based biocatalysts using different nanoscale materials, including
hybrid nanoflowers (hNFs), has gained remarkable interest. The rationale behind this
rising research trend in immobilized enzyme-based biocatalysts is the unique structural,
physicochemical, and functional promises that enzyme-loaded hNFs offer with industrial
integration potentialities. However, early-stage cost assessment and market analysis of
enzyme-loaded biocatalytic nano-constructs, both pristine and hybrid, are equally essential
to govern their industrial appropriateness [143,144]. The overall cost of the enzyme-based
product and market analysis can be made via life-cycle assessments (LCAs) and/or techno-
economic scrutinizes as powerful tools. By taking the added value of these tools, an array
of immobilized enzyme-based biocatalysts have been or are being assessed for commercial-
scale biocatalytic processes [145,146]. More specifically, from the cost and sustainability
considerations, LCAs provide deep insight into the material, energy consumption, wasteful
protection, and deprotection points in order to ensure the sustainability of the entire indus-
trial process. The cost-effective ratio related to the energy consumption, chemical inputs,
wasteful protection, and deprotection steps involved in the traditional industrial processes
can be controlled effectively by implementing immobilized enzyme-based biocatalysts,
e.g., enzyme-loaded hNFs, which are recoverable and reusable. For example, in several
industrial processes, a massive amount of heat energy is required in the form of steam to
preheat the feedstock for treatment purposes. In contrast, this can be significantly reduced
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by alternating the process with immobilized enzyme-driven treatment [144]. According
to the Global Industrial Enzymes Market Size and Regional Forecasts 2020-2027, in 2019,
the global enzymes market was worth $8636.8 Million USD, which is projected to reach up
to $14,507.6 Million USD with a compound annual growth rate of 6.5% over the duration
of 2020-2027 [147]. Conclusively, the large-scale industrial integration and/or scale-up
deployment of immobilized enzyme-based biocatalysts technology requires a proper un-
derstanding of both technological and economic aspects, as well as a good perception of
the larger market forces.

7. Conclusions and Future Perspectives

Since the discovery of organic-inorganic hybrid nanoflowers in 2012, the topic has
become a prominent research area and numerous types of biomolecules/inorganic hybrid
nanoflowers have been explored. These hybrid nanoflowers have recently shown their
ability to become stable, easy, fast, efficient, and recyclable for different biomolecules,
specifically enzymes immobilizing host platforms. Additionally, hybrid nanoflower ap-
plications have been extended to biosensor designs, environmental treatment, bioassays,
and different industrial biocatalysis. Studies have shown that hybrid nanoflowers lead to
an enhancement in the immobilized enzyme’s catalytic activity, resulting from the higher
surface area of hNFs, a reduced mass transfer limitation, and favorable enzyme conforma-
tion in hNFs. Another potential advantage is that in some cases, enzymes immobilized
on hybrid nanoflowers behaved better than other immobilization platforms, especially in
terms of their reusability. For example, lipase enzyme immobilized on hybrid nanoflowers
showed an excellent operation stability as they retained up to 94.5% of their activity, even
after eight cycles of reaction [35]. Similar results were obtained by Li et al., where they
could efficiently use the lipase/calcium nanoflowers up to six times [148]. On the other
hand, when lipase was immobilized on the Fe30,@MIL-100(Fe) composite it lost around
15% of its activity after only five cycles [149]. Similarly, when the alcalase enzyme was
immobilized on hybrid nanoflowers [40] and glyoxyl supports [150], the nanoflowers could
be recycled efficiently up to seven times, as opposed to the agarose beads (only five times).
In addition, HRP immobilized on NH,-modified magnetic Fe30,/SiO, particles was only
able to do four cycles before losing most of its activity [151], whereas HRP immobilized on
hybrid nanoflowers only lost 25% of its activity after six reaction cycles [49].

Although there has been a rapid increase in the use of hybrid nanoflowers in recent
years, there are still some key challenges that need to be addressed. First, the interaction
between the organic component (enzymes) and the inorganic component (metal ions)
needs to be examined more intensively, providing more information about the hybrid
nanoflower design with a well-retained biological activity. This will help with controlling
the morphology as well as adjusting the properties of the synthesized hybrid nanoflowers.
In addition, this would facilitate the production of new kinds of hybrid nanoflowers
for a particular application purpose. In addition, the nucleation step in the inorganic
phase is still not described quantitatively in the presence of different amounts of enzymes.
Second, hybrid nanoflowers with multiple enzymes or dual enzyme systems have not
been thoroughly investigated. Third, more research needs to be done for examining the
production of hNFs in organic media, as most of the synthesized hNFs are in aqueous
media. This would be beneficial for industrial biocatalysis applications. Finally, the
industrial application of hybrid nanoflowers can expand to include energy application like
fuel cell fabrication and biodiesel. In summary, we believe that organic-inorganic hybrid
nanoflower research will expand the application arena of hNFs and lead to smart solutions
for modern problems.
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Abstract: Hydrodeoxygenation (HDO) reaction is a route with much to offer in the conversion and
upgrading of bio-oils into fuels; the latter can potentially replace fossil fuels. The catalyst’s design
and the feedstock play a critical role in the process metrics (activity, selectivity). Among the different
classes of catalysts for the HDO reaction, the transition metal phosphides (TMP), e.g., binary (Ni2P,
CoP, WP, MoP) and ternary Fe-Co-P, Fe-Ru-P, are chosen to be discussed in the present review article
due to their chameleon type of structural and electronic features giving them superiority compared
to the pure metals, apart from their cost advantage. Their active catalytic sites for the HDO reaction
are discussed, while particular aspects of their structural, morphological, electronic, and bonding
features are presented along with the corresponding characterization technique/tool. The HDO
reaction is critically discussed for representative compounds on the TMP surfaces; model compounds
from the lignin-derivatives, cellulose derivatives, and fatty acids, such as phenols and furans, are
presented, and their reaction mechanisms are explained in terms of TMPs structure, stoichiometry,
and reaction conditions. The deactivation of the TMP’s catalysts under HDO conditions is discussed.
Insights of the HDO reaction from computational aspects over the TMPs are also presented. Future
challenges and directions are proposed to understand the TMP-probe molecule interaction under
HDO process conditions and advance the process to a mature level.

Keywords: HDO reaction; transition metal phosphides; structure; acidity; characterization

1. Introduction

With the world-wide energy demands increasing in an almost uncontrollable manner,
the need to produce fuels in an eco-friendly way is imperative for a population that keeps
growing. Renewable sources, e.g., wind, biomass, solar, are used to tackle the energy
challenges. Using biomass waste to [1-3] produce fuels in the absence of carbon dioxide
is a promising route to the future energy quota for replacing fossil fuels. By 2030, 32% of
energy is expected to be covered by renewable sources [1].

Bio-ethanol and biodiesel are the so-called first-generation bio-diesel, and they suffer
from low efficiency. The second-generation biofuels utilize the inedible biomass; in this case,
the destruction of lignocellulosic biomass remains a challenge for the process. The bio-fuels
derived from cyanobacteria and microalgae are categorized as third-generation.

Liquid and gaseous fuels can be derived from biomass applying different pathways:
hydrolysis, pyrolysis and Fischer-Tropsch. Bio-oils derived from the pyrolysis can be
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subjected to a versatile upgrading procedure, such as zeolite upgrading [4-6], steam
reforming [7-12] and hydrodeoxygenation [13,14] (Figure 1).

Fischer- Tropsch Alkanes ]
Svngas (CO+Hy) ':Ivf‘tt::';;' Me(hanol ]
Water-gas shift H, ]

Hydrodeoxygenation quuid fuels

Steam reforming H, ]

[ Lignin ]—[Upgmding}—[ Gasoline]
Fermentation Ethanol H Reforming H H; l
Aqueous sugar Dehydration Hydrocarbons ]

Aqueous-phase

quuid alkanes or Hz]
processing

Figure 1. Process for the fuel production starting from cellulosic biomass.

Pyrolysis oil is an attractive renewable fuel used as an alternative to petroleum (fossil)
fuel to minimize the environmental impact of the latter. However, the pyrolysis oil contains
a high amount of oxygen, between 20% to 40%, which leads to low energy density, high
acidity, and thermal and low chemical stability [15-18]. Therefore, the oxygen should be
extracted from the oil; the reaction of hydrodeoxygenation (HDO), specifically the direct
deoxygenation method, as described by the reactions below (for the case of fatty acids), can
be used to remove the oxygen content in the presence of H, (Figure 2).

Hz —H,0
Zeolol I Hydrogenation R-C [5¥: P10l dehydration R=CH,
Y/

? .
'3 3
3 g
s@ —CO Hy
3 o]
2 3
Q QO
= o
o o
=1 =)
n-RH n-RCH3

Figure 2. Hydrodeoxygenation reaction network.

The HDO reaction can happen by two possible approaches: direct HDO and two-step
HDO. In the first process, unsaturated bonds are hydrogenated using the high pressure
of H (100 bar, ~573 K); separation of hydrogen from green diesel follows. Downstream,
green diesel is separated from molecules such as excess hydrogen, water, CO,, as well as
an amount of C2-C3 alkanes. Dehydration of glycerol (co-product) follows [19]. Higher
capital costs are involved in the latter case and lesser hydrogen consumption. The direct
HDO has higher H, consumption due to oxygen removal from glycerol backbone towards
propane formation. The co-product amount in the second process is much higher than
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in the first one. In the direct HDO, the electricity consumption has been reported to be
higher than the two-step process due to the presence of a compressor for pressurizing
the Hy. Overall, the cost for green diesel manufacturing has been reported to be lower
in the two-step process (0.798 USD/kg) than the one step HDO (0.84 USD/kg) for plant
operating 0.12 MMT Karanja oil/annum. Assuming a rate of return equal to 8.5%, the
minimum selling price of green diesel (1.21 USD/kg, 2-step process) compared to direct
HDO (1.186 USD/kg, direct) [14]. The feedstock used brings up to 75% of the production
cost [14,19]. Traditionally, metal sulfides (e.g., NiMoS, CoMoS) have been used for the
HDO reaction due to their exceptional hydrogenation activity [14-16,19-21], although they
suffer from deactivation in the absence of sulfur (structural deterioration) as is the case
for bio-oils [22,23]. Another family of hydrogenation catalysts that are good candidates
for HDO reaction are the noble metals (e.g., Pt, Pd, Rh, Ru), although they are costly and
exhibit low tolerance towards poisoning in the presence of sulfur (S) and nitrogen (N)
compounds [24-26]. Recently, transition metal carbides, nitrides, borides and especially
phosphide catalysts have become essential in hydrotreatment reactions [27-30].

In recent years, transition metal phosphides (TMP) have been reported in the open
literature as active hydrotreatment catalysts and are associated with increasing demand
in the processing of biomass-derived zero-carbon renewable raw materials into fuels and
added-value chemicals. TMP are already known catalysts, as they have been extensively
used for many catalytic reactions in the energy conversion and catalysis fields, such as
HDS [31,32], HDN [33,34], WGS [35,36], photocatalysis [37,38], and HER [39,40]. The
superiority of TMPs for the reactions above can be found in particular structural features of
the TMPs, such as metal site density at the surface, metal electron density, and Br@nsted
acidity. For example, among the S-containing compounds in the HDS reaction are thiol,
thioether, thiophene, benzothiophene (BT), dibenzothiophene (DBT), etc. The conventional
catalysts for HDS are MoS, and WS, (layered structures) supported on alumina. The metal
sites are only located at the edge of the catalysts, introducing an intrinsic limitation in
the activity over those catalysts. On the other hand, TMPs with non-layered structure,
presented high performances in HDS with Ni, P being almost the best HDS catalyst. The
structure of TMPs is strongly associated with the methods of preparation [41-43]; the latter
gives rise to unique electronic properties and coordination/bonding environment. TMPs
combine the physical properties of the phosphorus (P) and the transition metal (TM), such
as ceramic hardness and strength with electronic properties, such as metal conductivity.
At the same time, they have an obvious advantage in terms of cost-effectiveness and
environmental-friendliness over the other active metallic phases.

In the present review article, we focus on the unique structural and electronic prop-
erties of the transition metal phosphides (TMPs) and their reactivity towards the HDO
reaction. In Section 2, the structural versatility of TMPs is presented with all the different
classifications (e.g., compositional, structural, active sites). In Section 3, necessary charac-
terization tools and analytical techniques are critically discussed in terms of enriching our
knowledge on structural, compositional, and morphological features of TMPs. Techniques,
such as X-ray Photoelectron Spectroscopy (XPS), X-ray Absorption Near Edge Spectroscopy
(XANES), Nuclear Magnetic Resonance (NMR), Chemisorption, Transmission Electron
Microscopy (TEM) are discussed. Moving to Section 4, the catalytic activity of a plethora
of TMPs is discussed for three representative families of bio-oil derivatives with different
functionality, namely phenolics, vegetable oils, and furans. As a consequence of the nature
of the HDO reaction, deactivation happens; the latter critical issue is discussed in Section 5.
To get a deep insight into the TMP surface—probe molecule interactions, computational
aspects of the HDO reaction are discussed in Section 6. The last part of this review, Section 7,
discusses the outlook and future perspectives of the HDO field using TMPs and the way
forward towards the mature knowledge-based design of functional TMPs.
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2. A Brief on the Transition Metal Phosphide (TMP)
2.1. Structural Concepts

The compounds formed between phosphorus and any d- (e.g., Ni, Mo, W, Co, Fe) or
f-metal are called phosphides. Phosphorous can adopt any oxidation state between 0 and
3, resulting in a plethora of structural configurations. The TMPs are refractory metallic
compounds exhibiting both metallic and acidic sites [44,45] due to the alloying of TM with
P atoms (Figure 3); their classification can be found in Table 1, whereas their physical
properties are shown in Table 2. Thorough review articles on the structure of TMPs can be
found in the literature [46-52]. The most frequently used elements in TMPs are iron (Fe),
cobalt (Co), nickel (Ni), and molybdenum (Mo). Each TMPs have a variety of morphology
and particle size, leading to different properties depending on many crucial parameters,
such as the method of preparation followed, P source used, capping agents, temperature,
etc. Due to the versatility of their structures (Table 3), TMPs have been used for many
catalytic reactions [53]. The catalytic performance of TMPs catalysts, together with the
reaction conditions for hydrodeoxygenation reaction of various feedstock are tabulated in
Table 4.

Decreasing M:P Ratio (M = Ni, Co and Fe) ov o

Figure 3. Versatility of Crystal Structures of TMPs.

Table 1. Categorization of metal phosphides.

Metal Phosphide Classes Examples of Metal Phosphides
Metal-rich phosphides MxPy (x > y); NiP,CoyP, Ni3P, etc.
Monophosphides MyPy(x = y); MoP, WP, CoP, etc.
Phosphorous-rich phosphides MyPy(x < y); NiPy, FePs, etc.
Ionic phosphides MQ*P;" ; ThaPy, etc.
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Table 2. Physical properties of metal-rich phosphides.

Ceramic Properties Metallic Properties
Melting point °C 830-1530 Electrical uOem 900-25,000
resistivity
Microhardness ~ kg-mm~2 600-1100 Magnetic g6 emdmol 1 110-620
susceptibility
Heat of KJ-mol 2 30-180  Heat capaci 1°C) ! 20-50
formation J-mo eat capacity  J-(mol-°C)

Table 3. Different TMPs and their crystalline structure.

Phosphide Phase Crystal System, Number Of Formula References
Space Group Units
Hexagonal
Ni,P P62m 3 [1-40]
Ni/P =2
Tetragonal
NippPs m 2 [1-40]
Ni/P =24
Tetragonal
NisP 7 8 [1-40]
Ni/P =3
Hexagonal
NisPy P63mc 4 [1-40]
Ni/P =1.25
Orthorhombic JCPDS
CoP Pma 4 No.29-0497
Co/P =1 ’
rthorhombi
CopP or I?nr:a e 4 JCPDS
Co/P =2 No0.89-3030
Hexagonal
MoP P62m 1 [1-40]
Mo/P =1
Tetragonal
MosP 2m 8 [1-40]
Mo/P =3
Orthorhombic JCPDS
we Poma 4 No.29-1364
W/P=1 :

Transition metal phosphides (TMPs) have a formula of M, Py which eliminates the
electron delocalization around the metal atom due to the slightly higher electronegativity
of P than the metal; this leads to electron transfer with a direction from metal to P. The
characteristics of the metal phosphide rely on the difference in the M-P electronegativity
and the M:P ratio. In terms of bonding, TMPs exhibit a combination of covalent and ionic
nature bonds due to the small electronegativity differences that give the metal a small
positive charge (6*) and the phosphorus a small negative charge (6 ~). Therefore, this strong
bond leads to high thermal and chemical stability and hardness [54].

There are two types of phosphides: (a) phosphorus-rich phosphides (MxPy, x < y) and
(b) metal-rich phosphides (MxPy, x > y) (see Table 1). In particular, the metal-rich catalysts
are of great interest as they resemble the metals’ properties (e.g., good thermal conductivity,
high thermal and chemical stability) [49]. In the metal-rich phosphides (x:y > 1) the
electrons do not fully surround the phosphorus atom, so intensive M-M interactions can
develop. Of particular interest are the metal-rich TMPs as they can present a plethora
of crystal structures and compositions (Figure 3). For example, nickel phosphide can
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be crystallized in NiyP, NisPy, NijoPs, NizP, where NiyP adopts Fe;P-type structure [42],
whereas NizP adopts Fe3P-type structure [55].

Phosphorus-rich (x : y < 1) do not have any M-M bonding, particularly when
x 1y < 1/2because of the poor electrical conductivity. Most of the P atoms can exist in the
form of oligomeric chains and clusters and any increase in the content of phosphorus leads
to higher reactivity, along with poor thermal stability. As a sequence, at high a temperature,
it can decompose to elemental phosphorus and metal-rich phosphides [54]. Especially in
the case of alkali metals, alkaline earth metals and some of the transition metals, e.g., zinc
phosphides, a large difference in the M-P electronegativity can be noticed and thus high
ionicity of M-P bonds ready to hydrolyze.

Other TMP classifications: Another way to categorize the TMPs is to split them into
binary, ternary, and supported ones [56]. Different nanostructures of binary TMPs have
been reported in the open literature, such as CoP in the form of nanotubes, nanopar-
ticles, nanosheets, nanorods [57-59], Co,P in the form of nanoflowers, nanoparticles,
nanosheets [60,61], CuzP in the form of nanoarrays, nanowires [62,63], and MoP in the
form of nanoflakes, nanoparticles [64,65].

Ternary phosphides are exceptional catalysts for various reactions, presenting in-
teresting morphologies. Some examples include: NiCo,Px (nanowires) [66,67], Ni-Fe-P
(nanocubes) [68], CoMoP (core-shell) [69], NiCu-P (porous) [70]. To prepare the above
phosphides, a plethora of P sources have been used including NaH,PO,, TOP, Red P,
whereas different methods of synthesis have been followed [71,72].

Supported TMPs are famous for increasing the dispersion and stabilizing the active
phase (e.g., TMPs); alumina, silica, and carbon are among the most used supports. Ad-
ditionally, the supports can offer active reaction sites (e.g., Bronsted acidity) and thus
participate in the reaction (bi-functional catalysis) [73-75]. There is a wide amount of
literature covering the use of some supports and the challenges imposed on the process
due to their chemistry. For instance, the traditionally industrial support, Alumina, facil-
itates the Mo-O-Al linkage formation which seems to deactivate part of the active MoP
phase, ultimately deteriorating the catalytic activity. Additionally, alumina is subjected to
phase transformation (boehmite) when exposed to water (part of HDO reaction conditions).
AlyOj3 contains a high water level (30 wt.%), leading to intrinsic oxidation of the metal and
the P in the TMPs. Other supports are the mesoporous silica, such as MCM-41 and SBA-15,
where both possess high surface area and acid site density. Activated carbons have already
been used [73-75], but they suffer from the presence of micropores (unsuitable in the HDO
reaction) and poor mechanical stability.

It is well-established that support plays key roles in supported catalysts. On the
one hand, the oxygen vacancy sites and surface acidity /basicity might contribute to the
activation of reactants and consequently affect products distribution. On the other hand,
the support affects the structure of the active phase, such as electronic properties and
dispersion. The literature reported that the type of support influences the nature of the
metal phosphide phase formed since the oxide support can react with the P precursor salt
resulting in the generation of phosphate species [76-79]. For instance, Alumina interacts
favorably with phosphorus-producing AIPOy, which prevents the synthesis of Ni,P phase
and yields various Ni phases [76-79].

HDO activity and product selectivity are primarily contingent on the nature of the
metal phosphide phase and as well as the type of support. For example, Shi and co-
workers [76-79] synthesized various nickel phosphide catalysts supported on TiO,, CeO,,
5i0,, Al,O3, HY and SAPO-11. The results indicated that the Ni,P phase was observed
on TiO,, CeO,, SiO, and SAPO-11. The Ni,P and Ni;,P5 were formed on HY, whereas
NijpP5 and NizP were obtained on Al,O3. Clearly, the supported ones exhibited different
interactions with P and Ni atoms giving rise to the generation of various NixPy phases.
The activity for deoxygenation of methyl laurate followed the order: NiyP/SiO; > Nij,Ps-
NizP /Al,O3 > NipP/TiO; > NipP/SAPO-11 > NijpP5-NipP /HY > NipP/CeOy, and it was
revealed that the influence of supports mainly originates from their reducibility and acidity.
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Moon et al. [79] examined the HDO of guaiacol on NiyP supported on active carbon
(AC), SiO; and ZrO, under a temperature of 573 K and 30 atm. Unlike active carbon (AC)
and ZrO, support, the in situ XAFS analysis revealed that the Ni,P/SiO; catalyst experi-
enced oxidation to generate nickel phosphate during the course of reaction. Ni;P/SiO; has
demonstrated higher conversion (87%) than NipP/ZrO, (72%) and NipP/ AC (46%) catalysts.

2.2. Functionality (Acidity) of TMPs

TMP surface has a mild acidity, as proved by NH3 temperature programmed desorp-
tion (TPD) studies [80]. For example, one of the most popular TMP, Ni,P, contains not
only the metal sites where the hydrogenation takes place but also two types of acid sites,
namely: Ni®* sites and P-OH sites, which are categorized as Lewis and Bronsted acid sites,
respectively. Later, how these acid sites participate in the HDO reaction mechanistic steps
will be discussed. Unsupported TMPs (e.g., MoP) and supported ones (e.g., NixP, Co\P,
WP, MoyP, FexP and Ru,DP) are efficient catalysts for HDO since they contain Br@nsted
and Lewis acid sites. TM develops a small positive charge M®* which act as Lewis acid
sites and thus favors reactions such as hydrogenation, hydrogenolysis, and demethylation.
Br@nsted acid sites are generated on the P-OH sites that produce active hydrogen species;
the hydroxyl groups of P-OH promote hydrogen diffusion (spillover) and contribute to the
stability of these species.

2.3. A Close Look on the TMP Active Sites for the HDO Reaction

Two examples of widely used TMP in catalysis are the metal-rich phosphides Ni,P
and MoP. The crystal structure of MoP is composed of hexagonal layers of P having Mo in
the trigonal prismatic positions. All Mo atoms are equivalent; the same applies to the P
atoms [81,82]. Two types of metal sites can be found in the Ni,P: 4-coordinated distorted
tetrahedron and 5-coordinated square pyramidal. The P atoms are located in a face-capped
trigonal prismatic environment, though two types of P sites can be found based on the
coordination with 4- and 5-coordinated Ni atoms [81,82].

Depending on the position of Metal and P in the phosphide lattice, the Ni and P
charges can vary. In the case of MoP, Mo and P present only slightly positive and negative
charges, whereas, in the case of NiyP, Ni can exhibit either positive or negative charge with
P carrying a slightly positive charge [83]. Based on the charge distribution, both phosphides
exhibit covalent bonding and metal-like character.

The so-called ligand effects describe the Ni — P charge transfer [84,85]. In addition, P
can exert structural effects on the metals leading to an increase in the M-M site distance
compared to the pure metal lattice [86]. These effects lower the reactivity compared to the
pure transition metals and suppress the phase transitions (e.g., retarding metal sulfides
formation in S-containing environments). In turn, P atoms may act as a reservoir of H
atoms; the latter can be provided for hydrogenation and hydrogenolysis reactions for the
species adsorbed at the metal atoms.

The bifunctional character of the phosphide catalysts is being constituted by the metal
sites (metal atoms or metal-P clusters), and the P-OH groups (acidic sites) at the surface of
phosphides due to the presence of strong P-O bonds environment [87]. On the other hand,
the selectivity of the hydrogenolysis and hydrogenation reactions have been linked to the
population of the OH groups [88].

2.4. TMPs Preparation Strategies

The TMP can be synthesized following different methods and a plethora of their
modifications. Methods, such as solution—phase reactions [89,90], gas-solid reactions [91],
and solvothermal reactions [92], have been applied for the preparation of unsupported and
supported TMPs.

Gas-Solid synthesis: A typical procedure of applying temperature-programmed re-
duction (TPR) method in TMPs synthesis has been presented by Cecilia et al. (2009) [93]
for the preparation of CoP nanoparticles; Co(OH), and H,PO3;H were used as the cobalt
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and phosphorus precursors, respectively. By mixing the two precursors, Cobalt(Il) dihy-
drogenophosphite (Co(HPO3H),) was the resultant product. Different supports were used
in this study, such as MCM-41 (CoP-10 (Si)), MCM-41 zirconium doped (CoP-10(Zr)), Cab-
osil silica (CoP-10 (Cab)), and alumina (CoP-10 (Al)). The TPR step aimed to decompose
the above precursor to phosphide in a reducing atmosphere in the 100 to 800 °C range [93].

Liquid phase synthesis: In another report by Zhang et.al. (2017), CoP nanoparticles were
prepared using liquid phase synthesis instead. In this procedure, Co(acac),, 1-octadecene,
and TOP were mixed and subjected to heating at 300 °C for 5 h. Following the cooling
of the particles, washing was performed using hexane and drying was completed under
vacuum at 80 °C [94]. Following the protocol of liquid synthesis, Jiang et al. (2015) [95],
synthesized CoP nanoparticles using Co(acac); as Co sources, whereas Triphenylphosphine
(PPh3) was used as a P-source in this case. The heating of the precursors in a furnace at
400 °C for 1 h was performed. However, phosphine is a toxic gas so using an alternative is
recommended, such as hypophosphites, phosphites, or phosphates. At medium tempera-
tures, hypophosphites decompose (approximately 250 °C), leading to the formation of PH3,
which subsequently reacts with metal precursor such as metals, metal oxides, hydroxides,
salts, and other compounds. In contrast, phosphites or phosphates need hydrogen to
create phosphine. Additionally, CoP and Co,P nanoparticles were produced by Ha et. al.
(2011) [96] using the solution phase arrested precipitation.

Lu et al. have reported on the controlled synthesis of NixPy nanoparticles encapsulated
by silica following solution-based synthesis in oleylamine (OAm) with trioctylphine (TOP);
the method is anticipated to effectively control the morphology and phase of MP nanopar-
ticles due to the high boiling point and ease in controlling the metals” complexity property.
For example, OAm can have a triple role as a surfactant agent, a solvent medium and a
reducing agent and stabilizer for the synthesis of MP nanoparticles. Additionally, TOP acts
as the P source, surfactant and solvent. There are two stages for a typical synthesis of Ni,P
nanoparticles in OAm where the first stage produces Ni nanoparticles, and in the second
stage, NipP is formed. In the first stage, the Ni nanoparticles are formed by decomposition
of Ni precursor such as Ni(acac), above 200 °C. During the second stage, P insertion is
taking place to produce NipP above 300 °C. The ultrafine NiyP nanoparticles were confined
in mesoporous silica so to design a sintering-resistant catalyst for the catalytic reduction of
SO; to sulfur in the Hy presence [89,90].

D’Accriscio et al. reported on the synthesis of Fe,P> nanoparticles using tetrakis(acyl)
cyclotetraphosphane, P4(MesCO)y; the latter P source is a very stable one and not air-
sensitive like TOP or white phosphorous [97] (Figure 4a). At a temperature as low as
250 °C, they reported the synthesis of FeP and Fe,P nanoparticles. The local order in
the materials was studied by using XPS and atomic pair distribution function (PDF). The
authors reported that crystalline FeP is formed via an intermediate amorphous one. The
FeP nanoparticles exhibited a spherical hollow shape of 8.9 nm size. TEM studies on the
Fe,P showed that they had spherical hollow shapes with two shells with the inner shell
being about 1 nm thickness (Figure 4a). Huiming Li et al. [98] reported on a systematic
effort to synthesize nanocrystals of Ni-P with different stoichiometries (NisPy, NiyP, NijoPs)
by adjusting the P/Ni precursor ratio, the temperature and the reaction duration (Figure 4b)
and starting from OAm and TOP. NisP4 monodisperse with a size of 5.6 nm was achieved;
such nanocrystals, due to the high surface areas, are anticipated to exhibit promising
catalytic activity. Shanfu Sun et al. [99] (Figure 4c) synthesize (NixFe;_),P using a two-step
process. Starting from a NiFe foam which was subjected to corrosion, they succeeded in
growing NiFe-LDH nanosheets; the latter were subsequently phosphorized using NaH, PO,
under an inert atmosphere (Nj).
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Figure 4. (a) Fe-P synthesis. Reprinted with permission from Ref. [97], Copyright 2020 Wily Online;
(b) NiP nanocrystals formation. Reprinted with permission from Ref. [98], Copyright 2018 Wily
Online; (c) Synthesis of (NixFe;_,),P nanosheets via phosphorization of the NiFe-LDH precursors.
Reprinted with permission from Ref. [99], Copyright 2020 ACS Publication.

An example of ternary phosphide synthesis has been reported by Ye et al. [100], who
synthesized Co,_yFe,P using TOP and OAm. It was reported that the synthesis tempera-
ture had a crucial role to adjust the morphology of the resultant phosphide; Coy.5Feq.5P
(rice-shaped) or Coj.7Fe(.3P (split). In another study by Lawes et al. [101], the synthesis of
the CoyFe, P in the compositional range 0 < x < 2 was investigated. In the first step of
the process, starting from carbonyl precursors of both metals, Co-Fe alloy nanoparticles
were prepared, which were subjected to reaction with the TOP in the 330-350 °C temper-
ature range. The authors noticed that the Co-rich compositions prefer to crystallize at
low temperatures, whereas the Fe-rich follow an opposite temperature profile. At inter-
mediate compositions (values of x), the predominant growth mechanism is aggregation.
Another procedure to synthesize (CoxFe;_y),P is through the synthesis of the relevant
ferrite (CoFe;Oy), which is subjected into reaction with TOP [102]. Many different composi-
tions of ternary TMPs have been reported, such as Ni-Co-P, Fe-Ni-P, Fe-Mn-P, Co-Mn-P,
Co-Rh-P, and Ni-Ru-P [103]. It is known that their synthesis is rather demanding due to
the combination of the reactivity from two metal compounds, whereas manipulating the
stoichiometry is important as the latter can change their catalytic chemistry of them. The
content of the metals in the synthesis solution frequently happens does not coincide with
the stoichiometry of the final phosphide. That is the reason behind the strategies followed
to synthesis of the ternary phosphides. Usually, the bimetallic or the oxide are prepared
and their reaction with the P source follows (Figure 5).
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O

Figure 5. Colloidal synthesis of ternary TMPs. Adapted from Ref [41], (a) reaction of a phosphorus
precursor (P) with both transition metal sources (M1 and M2), (b) Thermal decomposition of a single
precursor consisting of phosphorus and both metals, (c) generation of bi-metallic nanoparticles their

subsequent phosphorisation reaction, (d) generation of oxidic nanoparticles and their subsequent

phosphorisation.

Table 4. The catalytic performance of different TMPs catalysts used in deoxygenation reactions of

various reactants.

CRezc'tl.on Covi/rsmn Selectivtiy (%) Reference
Catalysts Reactants onditions (%)
T (°C) P (bar)
Pd — NipP /SiO; Phenol 220 20 ~100 ~92 Cyclohexane [104]
14 Pentane
MoP/SiO; 15 70 Pentenes
7 Pentadienes
[105]
40 Pentane
CoP/Si0O, 2-methyltetrahydrofuran 275 1 11 15 Pentenes
25Cl14
67 pentane 2
NipP /SiO; 12 pentanone [106]
15C14
. . ~72
CoP/SiO, dibenzofuran 275 30 ~90 . [107]
Bicyclohexane
. 14.1 Phenol
NiP 929 58.7 Benzene
. 31.5 Phenol
NizoPs 300 1 93.9 108
guaiacol 34.9 Benzene [108]
. 23.9 Phenol
NisP 998 22.8 Benzene
NipP/ pillared -ZSM-5 260 40 78 ~82 cyclohexane [109]
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Table 4. Cont.

Reaction Coversion
Catalysts Reactants Conditions (%)
T (°C) P (bar)

Selectivtiy (%)  Reference

90 Benzene

FeMoP Anisole 400 21 >99 10 Cyclohexane [110]
NigP— NipP5/y — ~96 C11 + C12~12
ALOs 340 20 ~98 C11/C12 [111]
NoP donSiO methyl laurate
1P supported on 510;, ~ g »
MCM-41 340 20-30 97-99 100 C11 + C12 [112]
. ~45
NipP/ SBA-15 methyl oleate 270 30 ~84 C18/(C17+C18) [113]
. . ~87 C11 + ~12
NipP/SiO, 340 30 ~97 Cc12
MoP/SiO; methyl laurate 340 30 ~90 ~4C11 + ~80 C12 [114]
. . ~51 C11 + ~49
NiMoP/SiO, 340 30 ~98 Cc12
Niy 5P/activated carbon 350 1 100 57 C157 C11-Cl4 [115]
e 21 alkenes
palmitic acid
NixP /HZSM-22 350 1 99.6 - [116]
o, ~100 Methyl
10 wt% CoP/y — Al,O3 2-furyl methyl ketone 400 1 100 Cyclopentane [117]

3. Characterization of TMP Features towards Unveiling Outstanding Performance
3.1. Structural Features (XRD, Raman, TEM, SAED)

To understand the structure-property correlation for the TMP, X-ray diffraction (XRD)
is one of the primary techniques to be utilized to be able to assess the crystallinity of the
TMP nanostructures. Along the same lines, Selected Area Electron Diffraction (SAED)
collected in the TEM analysis provides complementary information with XRD. XRD has
been extensively used to validate the success of synthesis of TMPs, e.g., CoP/SiO, prepared
using the TPR method [105]. Using XRD analysis after the TPR synthesis can advocate the
reduction process efficiency and conditions, the phenomena involved, and the suitability of
the preparation method for the scale up of the process. In some cases, fluoresce can happen,
deteriorating the quality of the XRD pattern, e.g., the case of FeP, though the presence of
FeP could still be identified. Following a TPR synthesis protocol on different P precursors
(phosphite [HPO3]27 vs. phosphate [PO4]37) can be challenging for the TMPs’ quality
(absence of impurity phases) and XRD can offer an assessment tool. Crystallinity of the
TMP can also be different based on the nature of the metal (e.g., better quality crystals are
formed for CoP vs. WD, as the latter starts at a higher oxidation state) [105]. The presence
of pure metallic phases as impurities have also been reported [105]. The crystallite size of
TMPs can be calculated using the Scherrer formula. An example is presented by H. Y. Zhao
et al. [108], who studied supported TMPs, such as MoP/SiO;, NipP/SiO,, WP /SiO, and
Co,P/Si0,. Among the catalysts studied, Ni and Mo catalysts had the smallest particle size.
In the case of MoP, no XRD peaks were detected, indicating the high dispersion of the MoP
phase on silica and small particle size (less than 5nm). In the case of Ni,P, a broad XRD
pattern was received, showing the small crystallites size. Additionally, nickel phosphide
showed three peaks that line up with the iron pattern but with more narrow peaks, which
means Fe has a larger particle than Ni.

Advanced diffraction techniques, such as in situ XRD, have been employed to monitor
the TMP phase evolution; Inocencio et al. [118] showed that this technique could shed
light on the preparation mechanism and phase transformations that are taking place. The
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method of preparation followed was for TPR of phosphates (NixPyO,; MoxPyO,; CoxPyO,
and Fe,PyO,, two-step synthesis). The presence of Ni, P, MoP, CoP/CoP,, FeP and WP was
identified using in situ XRD. Under the reduction atmosphere, the phosphate precursor
was decomposed towards the formation of metal oxide (Mo case) or pyrophosphate phases
(Ni, Fe) with no formation of metallic phase. In an attempt to understand the TPR over
phosphates, in the case of MoxPyO,, two peaks at 437 and 554 °C are exhibited and this
finding is in agreement with a previous study by Bui et al. [105]. Based on the in situ
studies, the Mo(OH)3POj phase is initially formed and then likely decomposed to MoO3
and MoOPOy and some amorphous portion. The CoPxOy, TPR presented a peak in the 500~
530 °C range and a broad peak at 580 °C reflecting the reduction of Co-phosphate to metal
and PHj3, which reacts with the metal towards CoP formation. Peroni et al. [119] studied the
catalyst’s particles sizes either using X-ray or statistical analysis of TEM micrographs (see
table below). From TEM results, MoP catalysts tend to have smaller particles, i.e., 29.2 nm
compared to the NipP particles, i.e., 132.4 nm. However, the low temperature methods tend
to have a smaller particle size than the TPR approach. In addition, the citric acid that is
used during the synthesis reduced the Ni,P crystal size from 132.2 nm to 49 nm because
of the suppression of the sintering of active phases. In addition, Raman spectroscopy was
used to study ternary solid solutions phosphides of Fe;_ NiyP (0 < X < 0.3) composition.
Raman spectroscopy showed that variation of Ni content in the solid solution caused an
almost linear shift of several peaks. Experimental peak positions were found to match
with the phonon frequencies, giving a better understanding of the frequency-composition
dependence [120].

3.2. Dispersion of the TMPs over a Support

There are many reports where the TMPs are dispersed on a high surface area support,
preferably with acid sites so as to modify the ultimate acidity of the final structure and
increase the active phase (TMP) exposure and bifunctionality of the catalyst. Such sup-
ports can be MCM-41, SBA-15, other types of silica, alumina, and carbon. In the cases of
supported TMPs, the dispersion of TMP needs to be evaluated for appropriate assessment
of the catalytic activity. For evaluating the dispersion, CO chemisorption [94] along with
CO infrared studies are reported. CO is a typical molecule used for such studies due to
its small size and its C-O stretching frequency, which is well-defined for the case where
CO adsorption takes place on metal surfaces [121,122]. Based on the CO uptake values
(umols/g), blockage of active metal sites can be predicted and correlated with the synthesis
conditions followed. It has been observed in the case of the phosphate method where the
P5* is not easily reducible and higher temperatures are needed to convert into phosphide
that unreduced phosphate stays bound on the metal, reducing the active sites [123]. In
addition, smaller crystallite size corroborates with a higher dispersion, giving rise to higher
CO uptakes (umols/g).

Infrared spectra (IR) of CO adsorbed on the surface of reduced Ni,P/SiO, catalysts
gives rise to four species, as follows: (1) CO adsorption on atop Ni sites, (2) CO adsorption
on bridge Ni sites, (3) formation of adsorbed species Ni(CO),, and (4) formation of adsorbed
P=C=0 species on the surface, terminal attachment of CO species to P [121]. The relative CO
site densities and the AH,45(CO) are reported. In the case of MoP [124], CO chemisorption
on different Mo sites is shown in Figure 6.
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Figure 6. CO chemisorption on MoP-(001)-(1 x 1) surface: (a) on-top Mo, (b) bridge, (c) fcc site, and
(d) hep hollow site. Reprinted with permission from Ref. [107]. Copyright 2017 Springer Nature.

(@)

3.3. Surface Studies and Coordination Environment (XPS, XANES, NMR)

The surface chemistry of TMPs can be studied using X-ray photoelectron spectroscopy
(XPS). A closer look at the binding energies (BE) can shed light on the charge transfer
as well as the hybridization of phosphorous. In general, in the case of P 2p, the peak at
129.5 and 130.5 eV assigned to P 2p; /, and P 2p3, are the fingerprint of TMP. Other peaks
originating from P have been reported at 132.5, 133.6, 134.2, and 135.5 and are linked to
P-C, P-O, P-O-M, and metaphosphates [125,126]. In an attempt to fully utilize the XPS data,
someone has to have a careful look at the main and satellite peaks of the metal as well.
Usually, positive shifts of BE on the metal can imply a partial positive charge on the metal
site, e.g., M%*; the latter is usually accompanied by a negative shift of BE for P, attributing a
partial negative charge to the latter (P%") and dictating the direction of charge transfer.

A compile of XPS as a tool for TMPs studies is discussed in what follows. Burns
et.al. (2008), [127] used XPS spectra to study the electronic environment of the Co,P/SiO,
catalyst. The peak at BE 781.6 eV is linked to Co?* and the one at BE 134 eV to P>*. Those
two peaks are originated due to the passivation step that was completed at the end of the
synthesis. Based on the BE 778 and 129.2 eV, which are associated with elemental cobalt
and phosphorus, respectively, it can be stated that Co is positively partially charged, and
the P is negatively partially charged, and this corroborates the Co — P charge transfer. In
the same study, CoP/SiO, and Co,P/SiO; are also presented. The relative intensities of
Co and P in the Co,P are opposite compared to the ones of CoP, which indicates that CoP
has a P-rich passivation layer. In addition, the peak shift by 0.8 eV at for CoP to higher
energies indicates that there is higher charge transfer from cobalt to phosphorus in CoP
than in Co,P [127].

In their study of optimizing the synthesis of TMPs starting with phosphates and
phosphites and following a controlled reduction environment, Bui et al. [94] reported a
detailed XPS study of NiyP and WP. In the case of Ni,P, a P peak at 128.6 eV (P 2pj3 ) is the
main proof for the Ni,P phase formation [128], while the P 2p3,, at higher BE (135.0 eV)
was assigned to PO43~ (as a result of passivation of the phosphide layer). In the case of
the phosphite method of synthesis, unreduced phosphites can also give rise to a P 2p3/»
at 133.6 eV. So, this reveals another benefit of using XPS: assessing the purity of the TMP.
Similar peaks were observed for the WP.

Near-Edge X-ray absorption fine structure (NEXAFS), also known as XANES, is a great
tool to probe parameters, such as chemical bonding, electronic structure, and interactions
in the TMPs. The collected XANES spectra are usually fitted with standard compounds.
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Yun et al. [14] used EXAFS due to the XRD limitations imposed by the significantly small
Ni,P size (3 nm), making it undetectable in XRD. The FT spectrum shows two peaks at
0.180 and 0.228 nm, which are assigned to the Ni-P and Ni-Ni chemical interaction [129]. A
three-shell curve fitting was followed, leading to Ni-P(I), Ni-P(II), and Ni-Ni bonds lengths
of 0.2207, 0.2344 and 0.2551 nm, which are associated with 1.8, 2.8, and 2.0 coordination
numbers. The data allow us to assess that Ni-Ni coordination is smaller, whereas Ni-P is
higher in small Ni,P crystallites.

Transition metal phosphides possess versatile electronic structures and properties
that are anticipated to give rise to unique signals in the 3P NMR, including difficulties
in tracing the signal or the impossibility to carry out such characterization. NMR spectra
features can unveil the characteristics of the TMPs electronic structures. This is showcased
in the rigorous research conducted by Bekaert et al. [130] on a series of V, Fe, Co, and
Ni phosphides, combining 3'P MAS NMR and first-principles calculations. The study
shows that the electronic structure of the TMPs (diamagnetic, paramagnetic, metallic)
and the 3P NMR signal are correlated. More attention needs to be paid in the case of
paramagnetic TMPs (e.g., Co,P), where shorter relaxation delays, a decrease in the signal,
and line broadening, can lead to a perplex spectrum. In the case of Co,P, short Co-Co
distances lead to a strong Co-Co bond interaction giving rise to metallic conductivity and
high values for NMR shifts; this amount of high shift makes it possible to differentiate
between phosphides and phosphates [131]. In addition, ssNMR nanocrystallography has
been used for facets analysis of TMP [132]. In particular, 3'P DFT-assisted solid-state NMR
coupled with HRTEM and XRD were used to evaluate the exposed crystal facets of the
terminal surfaces in the case of Ni,P nanoparticles. Results showed that two facets (0001-A)
and (1010) are the predominant; the former is the major one. These exposed facets cause a
shift in the Ni d-band towards the Fermi level, enhancing the catalytic activity.

Wanmolee et al. [133] monitored the phase transformation of CuHPO4.H,O precursor
into CugP phase using in situ XAS and XRD characterization techniques. The atomic
coordination and electronic structure were investigated via EXAFS and XANES. The Hp-
TPR was performed in situ for the calcined catalyst by collecting the in situ XAS spectrum at
the temperature range of 25-650 °C. According to the XANES results, at temperatures below
110 °C, the divalent copper ions (Cu?*), in CuHPO,.H,O precursor, were predominantly
observed. Notably, successive dehydration of water from the precursor is observed with
a temperature rise up to 200 °C; thereby, the intermediate precursor CupP,O7 is formed.
Above 250 °C, the Cu* species completely disappeared, while the Cu’ and Cu'" species
became prevalent, signifying the formation of metal Cu and Cu(POs),. Above 320 °C,
the CusP phase is formed which was borne out by the predominance of Cu'™ species.
Interestingly, the CusP phase experienced various transformations in the space group, as
conformed by XRD analysis; however, the crystal structure was finally relaxed to P6zcm
space group following the cooling down. The FT-EXAFS revealed that copper atoms are
thoroughly bonded with the phosphorus atoms with Cu-Cu radial length of 2.18 A.

4. TMPs as Catalysts for the Upgrading of Bio-Oil through HDO Reaction

Hydrodeoxygenation (HDO) reaction is used to remove the oxygen in bio-oil without
losing carbon (C) and hydrogen (H) atoms. The commercial catalysts, such as Ni/Co-
MoS; supported on alumina, suffer from oxygen-induced deterioration in the absence of
H,S, leading to the ultimate deactivation of the catalysts. Moreover, the acidic sites of
alumina tend to favor the coke deposition and deactivation of the catalysts. TMPs are
suggested as thermally and chemically stable catalysts for the HDO reaction and as good
alternatives to noble metal catalysts. Each TMP may have a different reaction path leading
to different products. The HDO mechanism over TMPs and noble metals are compared
in Figures 7 and 8; the former is more advantageous cost-wise and selectivity-wise (less
prone to secondary reactions, such as C-C bond hydrogenolysis and methanation). The
benefit of using TMPs can be summarized as follows: for instance, in the case of popular
Ni,P, Ni contains a slight positive charge and phosphorus has a slight negative charge
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RCHOO

because of the partial transfer of electron density from nickel to phosphorus (ligand effect).
The metal-rich phosphide catalysts contain metal sites (responsible for hydrogenation and
hydrogenolysis) and two types of acid sites (Lewis acid sites, Br@nsted acid sites). Ligand
effect is responsible for the Lewis acid sites (Ni*?), while the Br@nsted acid sites (P-OH
groups) exist on the surface of phosphide. In brief, the advantage of TMPs is the ligand
effect (electronic) and the ensemble effect (geometric) [134].
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Figure 7. Representative compounds from lignin phenols, fatty acids and cellulose furans.
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Figure 8. (a,b) HDO mechanisms over noble metal (NM) supported catalysts. Adapted from
Refs [135,136]. (¢) Proposed HDO mechanisms over TMPs catalysts. Adapted from Refs [137,138], M
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4.1. Lignin Phenolic Derivatives

Lignin is a natural polymeric material composed of the monomeric units syringyl (S),
guaiacyl (G), and p-hydroxyphenyl (H). Lignin phenolic derivatives have been studied as
products of bio-oil processing. TMPs have been extensively used for the HDO reaction of
model compounds of this category, such as phenol [139], guaiacol [140], catechol [141], and
cresols [142].

Under realistic HDO conditions, a temperature range of 380-430 °C and high H,
pressure is used. Many reactions, including cleavage of interunit linkages, deoxygenation
reaction, ring hydrogenation reaction, as well as the removal of alkyl and methoxyl moieties,
occur. The hydrogen pressure, typically 50-150 bar, strongly influences the oil yield. Cata-
lysts design criteria can be as follows: (a) high activity for hydrogenolysis and/or cleavage
of C-O-C and C-C bonds (metal sites function), (b) low activity for ring hydrogenation; (c)
good selectivity for aromatic compounds (d) tolerance against coking and sulfur. Another
critical parameter is the active metal particle size; the latter regulates the C-O cleavage
activity and tunes the selectivity to aromatic compounds. For example, tiny metal particles
suppress the co-adsorption of the aromatic ring and H; and thus the hydrogenation of the
first. Apart from the metal particle size, the geometry of adsorption is also a crucial factor.
For example, it has been reported that using Pt(111) surface favors the anisole horizontal
orientation (parallel to the surface), while adding Zn to the Pt(111) can induce a tilted mode
of adsorption. These two completely different geometries of adsorption favor the ring
saturation and the selectivity to aromatic compounds, respectively [143].

On a comparative note, in a metal-supported catalyst, the metal sites provide the
function of hydrogenation, whereas the support provides the oxophilic sites; the latter
tune the C-O cleavage activity of the catalyst. Popular oxophilic metal oxides with strong
Lewis acid character are the VOx, NbOx, MoOx, ReOx, WOx, and TaOx. However, studies
by Jing 2019b [126] showed that the catalytic activity does not coincide with the Lewis
acidity order.

Trying to get an insight and consider phenol as the model compound of this category,
there are three different mechanistic pathways for removing -OH in the phenolic ring. In
particular, these routes are: (a) direct hydrogenolysis of -OH in the phenol ring, (b) hy-
drogenation followed by dehydration and then dehydrogenation, and (c) tautomerization
followed by hydrogenation and dehydration route [143].

The main focus of the research in this front is to design selective catalysts that allow
the lowering of the use of hydrogen while preserving the aromatic character of the lignin
compound. HDO of lignin model compounds can be efficiently performed over a copper
chromite catalyst (Deutsch and Shanks, 2012). For the benzyl alcohol, the hydroxymethyl
group is very reactive under HDO. In the case of anisole, demethoxylation is the primary
reaction pathway compared to demethylation and transalkylation. The latter is predomi-
nantly for conventional hydrotreating catalysts. The hydroxyl group of phenol contributed
to the activation of the aromatic ring toward cyclohexanol and cyclohexane production.

Guaiacol is another popular model compound of pyrolysis oil with a challenging
molecule to fully deoxygenate due to the co-presence of phenolic and methoxy groups. In
their study, Zhao et al. [144] reported that HDO of guaiacol leads to benzene and phenol as
the major products with a small amount of methoxybenzene. Moreover, the formation of
reaction intermediates, such as catechol and cresol, were traced. Guaiacol (methoxyphenol)
is used due to the high lignin concentration that tend to be highly coke. In the same study,
the performed comparison of the TMP catalysts with two commercial ones is noteworthy
to be discussed. In particular, 5% Pd/Al,Oj3 catalyst activity was higher at lower contact
time, but catechol was the sole product. A sulfide catalyst, commercial CoMoS/Al,O3, had
low activity for the HDO of guaiacol under the studied conditions.

The TOF was found to follow the order Ni,P/SiO, > Co,P/SiO, > FeP/SiO, >
WP/SiO; > MoP/SiO;. The nickel and cobalt TMPs had a smooth activity which is
an indication of no deactivation. However, Fe has a high variation of TOF with a small
range of temperature, which means it underwent deactivation, which may occur due to
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coking. These results propose Ni and Co as the most reactive and stable TMP in the HDO
of guaiacol.

The reaction network of HDO of guaiacol HDO involves the hydrogenolysis of the
methyl-oxygen bond (O-CHj group) leading to catechol formation, followed by the hy-
droxyl groups removal towards phenol production and water and then hydrocarbons
(benzene or cyclohexene) [145-147]. Activation energies for the overall reaction of guaiacol
were found to be in the 23-63 k] /mol range; these values were lower compared to a net-
work involving carbon-oxygen bond breaking (>240 k] /mol) [144]. These low activation
energies suggest that another pathway is followed for the oxygen removal: that of hy-
drogenation of aromatic double bonds followed by water elimination [145-147]. Recently,
another mechanistic scheme has been proposed for the HDO of guaiacol, eliminating the
production of catechol through the direct hydrogenolysis leading to phenol production
from guaiacol [148].

In another study, Inocencio et al. [118] (Figure 9) investigated the HDO performance of
TMPs (Ni, Mo, Co, Fe, W) for the phenol HDO reaction. The highest activity was found over
the FeP, whereas the order of activity was FeP > MoP = Ni,P > WP = CoP. The TOF (min~1)
was found to be 1.94, 0.67, 0.28 and 0.44, respectively. Benzene was the main product for
all the under-study catalysts, along with cyclohexene, cyclohexane, cyclohexanone, and
C5-C6 hydrocarbons.
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Figure 9. Reaction pathway for HDO of phenol over various supported TMP catalysts. Adapted
from Ref. [118].
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Inocencio attempted to correlate the measured activity results with the structure of the
TMPs used. In particular, the crystal structures for the different TMPs are: MoP (WC type
hexagonal); Niy P (Fe, P-type Orthorhombic); WP, CoP, FeP (MnP-type Orthohombic). It was
found that the distribution of products depends on the type of TMP crystal structure. The
direct deoxygenation reaction is running over WC (hexagonal) and Fe,P (Orthorhombic),
whereas MnP (Orthorhombic) structure seems to facilitate the aromatic ring hydrogenation.
The following selectivity order was found: NipP > MoP > CoP ~ WP > FeP. This result has
to be seen associated with the P/Metal ratio for each crystal structures. WC (hexagonal) and
Fe,P (Orthorhombic) exhibit a higher phosphorus/metal ratio than MnP (Orthorhombic),
which promotes stronger adsorption of the model molecule on the Ni cation through the
oxygen atom. Gongalves et al. [149] compared the activity of Ni and Ni,P supported
catalysts on SiO, and ZrO; for the direct deoxygenation of m-cresol to toluene. Among
the catalysts investigated, the NipP/ZrO, had the highest activity. It was also shown that
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the support nature (SiO,, ZrO,) did not impact the direct deoxygenation route. The acidic
nature of zirconia was found to affect the aromatic ring or double bond hydrogenation
along with the dehydration and isomerization reactions.

4.2. Vegetable Oils

Triglycerides of higher fatty acids are the main constituents of vegetable oils. Typically,
vegetable oils contain triglycerides of palmitic acid (C16:0), oleic acid (C18:0), and linoleic
acid (C18:2) [143]. The carbon chain length in the acids resembles the length of the carbon
backbone of the diesel fuel and this makes the vegetable oils an ideal candidate for green
diesel production. There is extensive literature on metal-supported catalysts for the HDO
reaction of the higher fatty acids [9,10]. Shi et al. [150] studied supported Ni, P catalyst on
Si0,, CeO,, TiO,, SAPO-11, -Al, O3, and HY zeolite, with a Ni/P ratio of 1.0 for the HDO
reaction of methyl laurate to yield C11 and C12 hydrocarbons. It was found that Ni,P/SiO,
had the highest conversion rate at all temperatures, which related to the SiO, support effect
(e.g., reduced acidity or reducibility), demonstrating the vital support role on the TMPs
activity. Activity and selectivity were both found to increase with temperature.

M. Peroni et al. [151] (Figure 10) studied different TMPs (WP, MoP, and Ni2P) for
the catalytic hydrodeoxygenation of palmitic acid. The exposed metal sites are directly
correlated with the catalytic activity. The activation energies were found to be in the 57 kJ
mol~! for MoP to 142 k] mol ! for WP. On WP, the conversion of palmitic acid proceeds via
R-CH,COOH — R-CH,CHO — R-CH,CH,0OH — R-CHCH, — R-CH,CH3; (hydrodeoxy-
genation). Decarbonylation of the intermediate aldehyde (R-CH,COOH —R-CH,CHO —
R-CH3) was a crucial intermediate in the case of MoP and Ni,P. An alternative pathway
was followed on NipP: that of dehydration to a ketene, followed by decarbonylation. The
important role of Lewis acid sites was revealed as the alcohol dehydration (R-CH,CH,OH
— R-CHCH;) was found to depend on their concentration.
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Figure 10. Different mechanistic pathways of the reaction. Reprinted with permission from Ref. [151].
Copyright 2017 ACS Publication.

4.3. Cellullose and Semi-Cellullose Furan Derivatives

Acid-catalyzed transformation of cellulose leads to the formation of furanic derivatives
and by-products because of the acid process conditions. The HDO reaction of furfural [152],
2-methylfuran [153], valerolactone [19], and levulinic acid [154] has been investigated
over TMPs.

Bui et al. [105] studied the TMPs catalytic activity for HDO of 2-Methyltetrahydrofuran
(2-MTHEF); the TMPs were prepared following phosphite and phosphate method. Catalysts
prepared by phosphide method (I) have a slight difference at TOF (s~!) with an order of
NipP/SiO, > CoP/SiO; = MoP/SiO, ~ WP/SiO, with expectation of FeP(I) that has a
very low activity. On the other hand, the phosphate method catalysts (A) have different
activity following Ni,P/SiO; > WP/SiO; > CoP/SiO; ~ MoP/SiO; > FeP/SiO;. As
observed from the results, NipP/SiO, is the most effective catalyst while FeP/SiO; is the
lowest one. In addition, CoP and MoP are more active using the phosphite method (I)
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while for Ni;P, WP and FeP is the opposite where Ni,P (A) is 1.4 times than NiyP (I).
The difference between phosphate and phosphite results are not significant so using the
phosphite method is more practical since it does not require calcination whereas use of
lower reduction temperature preserves porosity. The same results were found at a lower
temperature (275 °C) where the order of activity of the catalyst by phosphite method
is WP > NipP > MoP > CoP > FeP and by phosphate method is Ni;P > WP >
MoP > CoP > FeP. However, the phosphite method can affect the HDO reaction pathway
caused by the deposition of excess phosphorus on the surface. In all cases, the phosphide
method has higher conversions except for NipP and FeP and needs further studies. The
average total conversions of the catalysts are Ni,P(16%) > WP(13.5%) > MoP(5.5%) >
CoP(3%) > FeP(0.7%). In addition, the study shows that the catalyst did not have any
activity at 275 °C and deactivate at 300 °C therefore the apparent activation energy E,
calculated at range of 300-325 °C. The activation energy range was between 88-137 k] /mol
which is lower than the C-O bond dissociation energy (360 k] /mol). The average HDO
conversions of catalysts in order are MoP > FeP > WP > Nip,P > CoP. Fe, Co, Ni and Pd
generate C4 products by decarbonylation mechanism while Mo and W do not. MoP (I) and
(A) has the highest HDO activity but not the highest in the total conversion.

The HDO of furfural towards the production of 2-methylfuran (MF) was investigated
over different TMPs (Figures 11 and 12), having as a particular focus of the study to establish
the role of P and M/P stoichiometry in the TMP on the catalytic activity. Furfural is an
important chemical in the resins industry. Metal-based catalysts (e.g., Co [155], Pt [156],
Pd [157] are somewhat too active in their interaction with the furan ring leading to the ring
opening or ring hydrogenation reactions. This issue seems to be efficiently addressed using
TMPs. With a closer look at the furan ring-metal (Ni or NiP) interaction, the following
remarks can be made: the interaction involved d-band of Ni and 7* of furan ring. In the
case of Ni/SiO, catalyst, Ni holds most of the electronic density, making the interaction
with the furan ring severe (opening). As P is introduced, Ni electronic density drops and
the d-m interaction between Ni-P and furan ring becomes milder. The authors performed
furfural infrared spectroscopy (IR) studies where the bands at 1675 and 1695 cm™~! were
both assigned to the C=0 stretching vibration of the carbonyl group, whereas also bands
corresponding to the C=C stretching vibration coming from the furan ring were identified.
It is interesting to note that as the P increases (P/Ni ratio) the carbonyl bands were found to
shift to smaller frequency; namely from 1675 (Ni/SiO; case) to 1655 em~1 (Ni,P/SiO; case);
the latter corroborates for a boost in the carbonyl-surface interaction with the P increase.
Regarding the planar adsorption geometry of the furan ring, this seems to be disturbed by
the P increase in the TMP. The authors also provided another explanation on the role of P
as Br@nsted acid site in the catalytic activity. As it is known that Br@nstead sites close to
metal sites favor the C-O hydrogenolysis reaction by protonating the -OH or -OCHjz group,
similarly it is inferred that P-OH sites can facilitate the C=0O bond hydrogenolysis.

U e B

(b) n%(C, O) (c) n'(C) (d) More stable r]z(C, 0)

Figure 11. Adsorption configurations of furfural: (a) planar adsorption on Ni surface, (b) furfural
adsorbed through its C and carbonyl O atoms on Ni surface, (c) furfural coordinated to Ni surface
via C atom on Ni surface and (d) furfural adsorption via C and carbonyl O atoms on NiP(x) surface.
Reprinted with permission from Ref. [98]. Copyright 2018 Wily Online.
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Figure 12. Effect of P on furfural HDO over Ni and nickel phosphide catalysts. Reprinted with
permission from Ref. [98]. Copyright 2018 Wily Online.

Another member of the furans family, benzofuran, was investigated by Movick
et al. [158] for the HDO reaction over a ternary TMP, CoPdP, with varying Co/Pd ra-
tios and being supported on ultra-stable Y zeolite (KUSY). The Co-Co, Co-P, Pd-Pd, Pd-P
interactions were found by analysis of the X-ray absorption spectroscopy spectra of the
catalysts. The binary Pd containing TMP most likely is present as PdyP, while the ternary
TMP had higher catalytic activity compared to both the binary ones (Co-P, Pd-P). According
to the CO infrared spectroscopy, Co was found to be the active site, whereas TPR studies
showed that Pd facilitates Co reduction.

Along the same lines, dibenzofuran was studied by Molina et al. [159] towards HDO
reaction over Ni and Co TMPs. According to the main findings of the study, the Ni,P cata-
lyst was found to be a better catalyst than the CoP one, achieving conversion of more than
90% of DBE. Contact time, hydrogen pressure and H; /feed ratio were studied. An increase
in contact time increased the catalytic activity and the production of oxygen-free products.
In particular, at low values of contact time intermediates, such as tetrahydrodibenzofuran
(THDBF) and hexahydrodibenzofuran (HHDBF) were found to be formed, while higher
contact time gave rise to the formation of mainly bicyclohexane (BCH), proposing the
following pathway DBF — HHDBF — THDBF — 2-CHP — BCH. When it comes to H,
pressure, both Niy P and CoP catalysts were found to be active in intermediate values of
pressure. Finally, the H, /DBF ratio is more impactful in the case of CoP rather than the
Ni,P catalyst.

4.4. On the HDO Activity of the Multi-Elemental TMPs

In catalysis, a single catalyst is rarely capable of carrying out different types of elemen-
tary steps needed to deoxygenate oil-derived compounds. Therefore, bi-functional TMP
catalysts have been recently receiving great interest, wherein two different TMPs are em-
ployed to provide diverse catalytic active sites for various reaction steps. The coordination
of two TMPs phases in a catalytic structure can provide a variety and richer active sites as
well as modify the electronic structure of each TMP via interfacial interaction for adjusting
their propensity to catalyze different elementary reaction steps within the overall reaction.
For instance, Liu and co-workers synthesized heterostructured NI,P — NiP, nanoparticles
which performed better than the corresponding single TMP components [160]. Density
functional theory calculations showed that a strong charge redistribution took place at the
interface, since the average valence charge of P (in NiP;), near the interface, decreased from
5.22 t0 5.05 eV. Thus, the valence electron state of active catalytic sites could be optimized
owing to the existence of hetero-interface.

Multi-functionality is crucial in catalytic hydrodeoxygenation reactions due to the fact
that the HDO catalyst is responsible for multiple reactions such as: C—O bond scission
via hydrogenolysis, dissociative adsorption of hydrogen molecule. Mixed phase of TMPs
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catalysts have exhibited synergistic effect for variety of HDO reactions [161-163]. Bonita
et al.,, [161] synthesized a variety of molybdenum-based bimetallic phosphides (MMoP,
M = Ru, Ni, Co and Fe), via temperature-programmed reduction (TPR) method, and tested
their application in hydrodeoxygenation reaction. The results revealed that charge sharing
between the phosphorus and metals controls the relative oxidation of Mo and hence the
products distribution. As regards MMoP (M = Fe, Co, Ni), the more oxidized the molyb-
denum, the higher the selectivity towards benzene from phenol via direct deoxygenation
at 400 °C and 750 psig. Cho et al. [163] prepared bimetallic NiFeP catalysts supported on
potassium ion-exchanged USY zeolite through TPR method and investigated their activity
in HDO reaction of 2-methyltetrahydrofuran (2-MTHF) at temperature range of 250-300 °C.
It was found that the NiFeP catalysts comprised of Ni,P and FeP phases as revealed by the
XRD results. Notably, the bimetallic NiFeP catalysts presented a weak ligand effect on the
reaction rate but a considerable ensemble effect on the products distribution in the HDO
of 2-MTHE. Particularly, the NiFeP supported catalysts demonstrated a lower selectivity
towards butane as compared to Ni,P supported catalysts, signifying the decarboxylation
route is suppressed over the former.

It should be noted that the controlled synthesis of multi-metallic phosphides remains
a challenge because of stringent valence balance demand on the stoichiometric ratio and
the phase segregation originating from varying reactivity of various metal precursors [164].

5. Deactivation during the HDO Reaction

The main reasons for catalyst deactivation during the HDO reactions are coke formation,
metal leaching, sintering, poisoning, and surface oxidation (attack from the water). Coke
formation is the main factor of catalyst deactivation since the deposition on the active sites
affects the catalyst activity and selectivity when it deposits inside the catalyst pores. The
pore size, pore shape, and crystallite size determine the extent and nature of the coke deposit.
Carbon is the undesired by-product of polymerization and polycondensation reactions.

The water produced under the HDO reaction conditions can attack P causing its
oxidation towards phosphates that may block the active Ni sites and deactivate the catalyst.
Additionally, water can induce phase transformation of supports, e.g., converting alumina
to boehmite (AIOOH) [165]. According to density functional theory (DFT) calculations,
oxygen on Ni,P surface prefers to interact with phosphorus. These unphosphide Ni®*
sites are responsible for phenol production during guaiacol HDO reactions. In addition,
the P/Ni ratio of phosphide decreases during the HDO reaction, which is an indication of
Br@nsted acid sites (i.e, P-OH) drop on the catalyst surface with a simultaneous increase in
the phenol production by suppressing its dehydroxylation. To suppress the coke deposition,
a proper adjustment of the operating conditions is needed. For example, hydrogen in the
feed saturates the carbon precursor compounds (CxHy) formed under HDO. In addition,
multi-step processes are better/preferred as they assist in minimizing the coking.

Another promising pathway to remove the coke deposits and reduce the deactivation
of the catalysts is regeneration. Calcination under oxidant atmosphere at high temperature
(500-600 °C) is used to remove the coke deposits. Regeneration cycles reduce the catalyst
activity by producing a large amount of acid sites. Regeneration by oxidation is a more
efficient reaction method where oxidation and/or reduction (with Hy) of catalyst. This
methodology reduces the cost of biofuel by developing a highly active catalyst.

As reported by Liu et al. [166], O atoms interaction/adsorption with Ni, P (001) origi-
nating from water can interact with both P and Ni atoms with a strong preference towards
P atoms. In the resultant oxy-phosphide species, electron transfer from P to O takes place.
Due to the ligand effect in the Ni, P, P species may suppress the Ni-O interaction, thus in-
creasing the oxidation resistance of Ni,P compared to the Ni/SiO; catalyst. Kelun Li [167],
who studied the HDO reaction of anisole over silica-supported Ni2P, MoP, and NiMoP
reported that the higher affinity of Mo with oxygen leads to lower oxidation resistance. So,
the deactivation of the NiMoP catalyst is decreased as the Ni/Mo ratio is increased.
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6. Computational Approaches to Study the HDO Reaction over TMPs

Besides the experimental investigation of TMPs catalysts, the Density Function Theory
(DFT) calculations have been widely adopted not only for mapping out possible reaction
routes at the atomic level but also to deeply scrutinize the rate-controlling steps of reaction
pathways. For instance, Wongnongwa and coworkers [168] have systemically studied
the deoxygenation mechanisms of palmitic acid over Ni,P catalyst via a multi-pronged
approach of experimental, thermodynamics, and DFT studies. The DFT-based compu-
tations, based on butyric acid as model molecule of palmitic acid on NiyP (001) surface,
showed that the rate controlling step of decarbonylation (DCO) route is the hydrogenolysis
reaction step, i.e., conversion of butanal to propane as shown in Figure 13, whereas that
of hydrodeoxygenation (HDO) is the transformation of butanol into butane. The energy
barrier of the rate limiting steps for DCO and HDO routes are 1.52 and 1.99 eV, respectively.
Considering the decarboxylation (DCO,) route, the hydrogenolysis step, in which butyric
acid is converted to propane, dominates the DCO, reaction, surmounting for a high ac-
tivation barrier of 2.37 eV. These findings are in line with the experimental observations,
which indicated that the DCO pathway is more favorable on Ni,P catalyst than the HDO
pathway with a ratio up to 4.13:1, while the DCO, route was found to be unlikely, which
was borne out by the absence of the gaseous CO; product. Notably, the thermodynamic
analysis indicated that the HDO route becomes more competitive when the high reaction
temperature is considered.

HDO pathway
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Figure 13. The proposed decarboxylation (DCO,), decarbonylation (DCO) and hydrodeoxygenation
(HDO) mechanisms for deoxygenation process. Adapted from Ref. [168].

It is well-known that the favorable adsorption of reactants and reaction intermedi-
ates and their activation could be easily determined by DFT computations, which, in
many cases, represent the exact reaction routes during hydrodeoxygenation reactions. For
example, Moon et al. [169] (Figure 14) reported that the active site of Ni,P catalyst, for
hydrodeoxygenation of guaiacol reaction, consists of P sites and threefold Niz hollow sites,
as confirmed by DFT study together with X-ray absorption fine structure spectroscopy
(XAFS) and FTIR measurements, are responsible for adsorption of atomic H or OH groups.
These findings indicated that the HDO of guaiacol is greatly affected by the extent of H and
OH coverage on the P or Ni sites. In particular, the direct deoxygenation route facilitated
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the benzene formation on the more OH-covered surface as depicted in Figure 14, while a
pre-hydrogenation route is favored on the reduced surface of Ni, P surface.
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Figure 14. Suggested reaction pathways for guaiacol HDO on Ni,P catalyst. Adapted from Ref. [169].

A fundamental understanding of the reaction mechanism, at the atomistic level, is of
prime importance to unravel the rate-limiting steps for the hydrodeoxygenation reaction on
TMPs catalysts. Jain et al. [170] investigated the phenol HDO on ternary phosphide catalytic
surfaces, namely FeMoP, RuMoP, and NiMoP, using experimental and computational
approaches to determine products distribution and C-O bond scission pathways. The
results revealed that the FeMoP surface promotes a direct deoxygenation route, thanks to
the lower kinetic barrier for cleaving the C-O bond, whereas the NiMoP and RuMoP favor
the hydrogenation of the aromatic ring first, followed by the scission of the C-O bond. These
results were found to be in accord with product distribution observed from experiments. He
etal. [171] performed systematic DFT calculations for investigating the surface chemistry
of selected 1st row TM phosphides, particularly VP, TiP, CrP, Co,P, Ni, P, and Fe,P, in the
model reaction of phenol deoxygenation. The results revealed that Ni,P and Fe,P exhibited
the strongest adsorption energies of phenol, which favored parallel orientation, thanks to
the TM ensembles present in these two surfaces. Notably, VP and Fe,P presented lower
kinetic barriers for C-O bond cleavage step, as shown in Figure 15, as compared to other
the TMPs surfaces. Considering the selective hydrogenation step of phenyl fragment to
benzene, the early 1st row TMPs, i.e., VP, CrP and TiP, demonstrated moderate activation
energies, whereas lower energy barriers were recorded on NipP, Co,P and Fe,P, pointing
out a more facile selective hydrogenation. It is noteworthy that the deoxygenation reaction
of phenol towards benzene proceeded via direct scission of Cying — OH bond over all
TMPs with the exception of TiP, which was revealed to follow indirect route involves the
dehydrogenation of OHppenol then C-O scission as depicted in Figure 15.

It should be noted that TMPs possessed an appropriate level of atomic hydrogen
reactivity, carbon affinity, and oxophilicity necessary to efficiently drive recalcitrant phenolic
oxygen while maintaining the aromaticity of products. Further insights on how the surface
chemistry of TMPs determines their HDO performance have been provided by the work
of He and Laursen in the guaiacol deoxygenation over NiyP and TiP surfaces [172]. It
was reported that the activation barrier for the direct demethoxylation step, i.e., removal
of OCHj3 group, is lower on NipP (1.0 eV) than TiP (1.4 eV). The dehydroxylation step,
which appears to be kinetically hindered in some experimental studies, was reported to be
moderately activated with kinetic barriers of 1.3 and 1.2 eV over NipP and TiP, respectively.
These activation energies signify that TMP are potent catalysts for promoting the removal
of both O-containing groups easily under mild process conditions. The parallel orientation
of guaiacol on NipP surface was reported to inhibit the removal of methoxy group; however,
a direct removal of oxygen moieties is thermodynamically favorable when perpendicular
geometry is considered. It is well established that the orientation of the aromatic ring
plays a decisive role in determining the reaction mechanism since it dictates Cyjng— surface
interactions, overhydrogenation, C-C bond scission and C=C activation [170]. Parallel
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geometry can enhance strong Cing— surface interactions, which modifies the aromatic
ring geometry. On the other hand, perpendicular orientation promotes a higher degree
of C-O interaction with the catalytic surface and thus more facile cleavage of C-O bond
if an adequate surface activity is present. Furthermore, Jia et al. [173] examined the
C-OH bond cleavage step of cyclohexanol, being a key oxygenated by-product in guaiacol
HDO reaction and precursor of cyclohexane, on NizP and Ni3P, surface termination
of NiyP crystal. The results revealed that the kinetic barrier of C-OH bond scission on
NizP (1.02 eV) is greater than that of NizP; (0.71 eV) terminated surface, signifying the
latter could readily break the C-OH bond during HDO reaction of guaiacol. Wang and
coworkers [174] studied the anisole HDO reaction mechanism on Fe,P (101) surface, and
it was reported that the reaction proceeds via direct scission of Cyry1 — O bond of anisole
to produce CH30" and C¢Hj reaction intermediate while preventing the formation of
CeHs — OH — CHj3 intermediate, which coincides well with the experimental findings. The
results revealed that C,ry) — O bond of anisole could be readily cleaved, requiring an energy
barrier of 0.75 eV. The activation barriers were also reported for hydrogenation of C¢Hz
(0.08 eV) and CH30* (1.10 eV), to form benzene and methanol, respectively. These findings
suggest that the formation of the methanol reaction step dominates the HDO reaction on
the Fe,P (101) surface.

Figure 15. Potential energy landscape for phenol deoxygenation reaction over (a) TiP, VP and CrP
and (b) Fe,P, Co,P and Ni,P surfaces. Reprinted with permission from Ref. [171]. Copyright 2017
ACS Publication.

A few computational studies have reported the deoxygenation of furan derivatives
on TMPs catalysts [174,175] For instance, Witzke et al. [175] investigated the hydrogenol-
ysis mechanism of 2-Methyltetrahydrofuran (MTHF) over NiP(001), Nij»P5(001), and
Ni(111) catalysts. DFT computations revealed that increasing the P:Ni ratio of the catalyst
have resulted in decreasing the activation barrier for 2 C — O bond rupture, pertained
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to conversion of MTHF to 2-pentene-4-one intermediate pathway, as compared to that
of 3 C — O bond rupture related to hydrogenolysis pathway involving the formation of
pentanal intermediate. The exposed Niz hollow sites, present on Ni,P and Ni surfaces, and
Niy hollow sites, existed on Nij,P5 surface, are the active sites for cleaving C — O bond.

Regarding the sintering and coking, surface oxidation is deemed to be a possible source
of catalyst deactivation [176,177]. Cecilia and coworkers [177] reported that phosphorus in
Ni,P catalyst could be oxidized, during the course of the reaction, to form phosphate, which
is expected to cover the metallic active sites in TMPs catalysts, thereby resulting in catalyst
deactivation. First-principles calculations revealed that atomic oxygen on a Ni, P surface
interact preferably with P surface atoms [178], which would be the convenient environment
for oxidizing phosphorus to undesired phosphate species. It can be concluded that there
is a pressing need for more computational studies to be considered for deactivation and
regenerations of TMPs catalysts and HDO catalytic mechanisms at the atomistic level
since these aspects are crucial before applying technology into industrial manufacture
of biofuels. In this context, DFT computations should be adopted to deeply identify the
detailed pathways and the rate-controlling steps for the HDO process.

Rensel et al. [178] studied the phenol HDO reaction on bimetallic FexMo,_«P (x =1
and 1.5) catalysts using both experimental and DFT computational approaches to elucidate
the role of surface Lewis acidity on the reaction mechanism. The results indicated that
the rate determining step is the Cying — O scission because it has the greatest activation
barrier among the studied elementary reaction steps. The Cring — O bond cleavage takes
place readily on Fe;Mo; P than Fe; sMog 5P surface, surmounting for the kinetic barrier of
0.39 eV and 0.77 eV, respectively, which was explained by the greater partial charge on
metallic species of the former (+0.81 | e |) as compared to the latter (+0.63 | e I). This
can be correlated to the improved Lewis acid character of the Fe;MoP as compared to
Feq 5Moq 5P catalyst.

Wanmolee and co-workers [133] studied the HDO of guaiacol on CusP/SiO; catalysts.
The most predominant facets based on XRD analysis, the guaiacol adsorption was investi-
gated on (100) and (113) surfaces of CusP. It was reported that the active sites for adsorbing
the reactants, guaiacol and Hj, are Cu sites for the studied surfaces. The adsorption of
guaiacol is more favorable via Cu-OH and Cu-C binding modes than Cu-OCHj3 mode
because of the steric hindrance of the latter. The CuzP (113) surface presented an enhanced
adsorption capability as compared to (100) for all reactants and reaction intermediates,
which was correlated with the lesser stability of the former as confirmed by surface energy
results. The Bader charge analysis revealed that the P sites are negatively charged while
the Cu sites are positively charged, acting as Lewis acid sites.

7. Future Perspectives and Outlook

The up-to-date advancements of the HDO catalytic chemistry for converting pyrolysis
bio-oils to fuels show that the process needs more time to be considered mature. TMPs are
only one class of catalysts being successfully used for this reaction and with clear benefits
compared to noble metal or pure transition metal catalysts. The complex electronic structure
along with the bulk and surface properties of TMPs allow for a bifunctional catalytic
chemistry to take place while it can be tuned by adding second metal or support. The
increased activity of the TMPs towards oxygen drives the C-O bond breaking. The different
electronic structure of the early TMP and the different extent of hybridization gives room for
the rational design of catalysts. The above can be tailored by choosing the appropriate M, P
precursors, and synthesis method to control the morphology and the size of the final TMP.
The P precursors can be challenging as many are available (organic and inorganic). The role
of P sites is often limited to that of spectator or binding provider. Paying more attention
to the active site and the role of P in formulating that through a mechanistic approach
would benefit the rational design of catalysts. In such a case, a better understanding will
improve the TMPs stability for real life conditions/applications. In that direction, it would
be worth understanding the TMPs behavior under other reactions/conditions where the
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reactants, temperature, pressure vary. Having a closer look at the different reaction steps,
the breaking of C-C/C-O bonds needs to be tailored as it leads to the loss of atoms in
biomass; from that aspect, an atom-economical approach needs to be followed. In such
an attempt, the OCHj3 (methoxy) groups can be used for chemical production so to utilize
the carbon atoms efficiently. Additionally, OCH3/OH groups can be used as Hj carriers
to self-support the HDO reaction, while dealing with the water produced during HDO is
worth more attention as the latter can facilitate structure modifications or can co-catalyze
some reactions steps (e.g., breaking of C-O bond). Another aspect is the facet-controlled
growth of the TMPs and the study of the different exposed facets. Succeeding to grow
TMPs that expose their most catalytically active facet can further add to the design of a
catalyst. When it comes to the multi-elemental TMPs, such as ternary TMPs, strict control
of the preparation conditions is needed (pH, P source, temperature, complexing agent)
as in these systems, the activity of two metals is combined with P and thus control of the
final stoichiometry is a challenging task. Multi-elemental TMPs catalysts have been rarely
studied for HDO reactions. The key reason behind the importance of multi-elemental
TMPs is the necessity of both hydrogenation and base/acid active sites. While many
multi-elemental TMPs catalysts presented promising activity in HDO reactions, some key
unresolved questions regarding the mechanism remain. Particularly, there is a pressing
need to unravel the role of the interface between the different TMP phases in the reaction
mechanism. In most studies to date, the density of interfacial sites has not been explicitly
controlled, so it is difficult to discern the role proximity between distinct types of active
sites plays in the reaction mechanism. It is importance to resolve these questions since the
rational design of multi-elemental TMPs catalysts would consider tailoring the interface
between the different TMPs phases. When these key challenges of TMPs catalysts can be
overcome in the next decade, we foresee a promising potential for the industrial application
of TMPs and multi-elemental TMPs for converting pyrolysis bio-oils to fuels. When it
comes to the HDO reaction itself and how the plethora of TMP compositions impact the
activity, more insightful studies are needed for the different process parameters, such as Hj
pressure, Hy /feed ratio, contact time, and how these parameters impact, from a mechanistic
point of view the products selectivity /reaction pathway.

Additionally, the development of a cost-effective and easily scalable synthesis protocol
still remains one of the barriers to the commercial applicability of TMPs and multi-elemental
TMPs and catalysts. Although some of the discussed TMPs catalysts exhibited promis-
ing bi-functional catalytic activity for HDO reactions, most of the reported preparation
methods are still restricted to lab scale. Therefore, developing a scalable and abundant
preparation strategy plays an essential role in the realization of the industrial application of
TMPs catalysts.
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Abstract: The propane steam reforming (PSR) reaction was investigated over catalysts derived
from LaNiOj3 (LN), Lag gSr,NiO3 (LSN), and noble metal-substituted LNM, and LSNM, (M = Ru,
Rh; x = 0.01, 0.1) perovskites. The incorporation of foreign cations in the A and/or B sites of the
perovskite structure resulted in an increase in the specific surface area, a shift of XRD lines toward
lower diffraction angles, and a decrease of the mean primary crystallite size of the parent material.
Exposure of the as-prepared samples to reaction conditions resulted in the in situ development of
new phases including metallic Ni and LayO,CO3, which participate actively in the PSR reaction.
The LN-derived catalyst exhibited higher activity compared to LSN, and its performance for the
title reaction did not change appreciably following partial substitution of Ru for Ni. In contrast,
incorporation of Ru and, especially, Rh in the LSN perovskite matrix resulted in the development of
catalysts with significantly enhanced catalytic performance, which improved by increasing the noble
metal content. The best results were obtained for the LSNRh 1-derived sample, which exhibited
excellent long-term stability for 40 hours on stream as well as high propane conversion (Xc3pg = 92%)
and Hj selectivity (Sppp = 97%) at 600 °C.

Keywords: propane; steam reforming; hydrogen production; perovskite; ruthenium; rhodium;
LapyO,COs; stability

1. Introduction

The continuously increasing energy demand associated with global population growth
and the rapid evolution of the industrial sectors has led to the search for alternative energy
systems that are affordable, reliable, and sustainable, with low environmental impact [1,2].
Hydrogen (H;) appears to be the most promising future energy carrier since, when com-
bined with fuel cells, it makes it possible to produce electricity for mobile, stationary,
and industrial applications with minimal pollutant emissions [3-5]. Hydrogen is mainly
produced via hydrocarbon conversion employing steam reforming (SR), dry reforming
(DR), autothermal reforming (ATR), and partial oxidation (POX) reactions [6]. Currently,
the most common industrial process for hydrogen production is the steam reforming of
natural gas, which accounts for ca. 85% of the total H, produced worldwide [3,4,7]. Other
fuels that can be used for this purpose include ethanol, methanol, gasoline, ammonia, and
dimethyl ether [8,9] as well as light alkanes such as propane and butane [10-12]. The use
of propane as a source of hydrogen has attracted significant attention in recent years be-
cause of its favorable physical properties (liquefaction at room temperature and ca. 9 bar),
which facilitate its safe handling, storage, and transportation as well as its relatively low
cost, abundance, and availability through the existing distribution network of liquefied
petroleum gas (LPG) [13-17].
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Propane steam reforming (PSR) is a strongly endothermic reaction (1) requiring high
temperatures (>700 °C) to succeed high H, yields, and proceeds in parallel with the
moderately exothermic water-gas shift (WGS) reaction (2):

C3Hg +3H,0 < 3CO+7H,  AH® =499 kJ mol ! (1)

CO+Hy0++ COy+H,  AH®=—41k mol ! @)

By-products such as methane and ethylene may also be produced under reaction
conditions via the CO/CO, methanation [18] and propane decomposition reactions [19],
respectively. The PSR reaction can be carried out by employing Ni-based catalysts, which
have been extensively studied because of the good activity and low cost of nickel, compared
to precious metals [19]. However, the application of high temperatures results in the
sintering of Ni particles and the concomitant deterioration of catalytic performance [20,21].
In addition, exposure of Ni-based catalysts to reforming reaction conditions results in
carbon deposition on their surface via the Boudouard reaction or/and the decomposition
of propane and by-product hydrocarbons such as methane and ethylene, which further
accelerate the catalyst deactivation [11,15,22-25]. Consequently, research efforts currently
focus on the development of novel catalytic systems, with improved resistance against
coke deposition and metal particle agglomeration [21]. In this respect, noble metals such
as Rh, Ru, Pt, and Ir have been studied either alone or in combination with Ni because
of their lower tendency to form coke [14,26-30]. The addition of promoters such as alkali
metals in the form of oxides has also been shown to suppress coke deposition, but results
in generally inferior catalytic activity [10,22].

Recently, perovskite-derived catalysts have attracted significant attention for the
production of H; or syngas via reforming reactions [3] because of their high activity, carbon
tolerance, thermal stability, and low cost [23,31]. Perovskites are a class of crystalline oxides
described by the general formula ABO3, where the A-site (12-fold coordination) is generally
occupied by an alkaline-earth or alkali metal cation with a larger size, and the B-site (6-
fold coordination) is occupied by a transition metal ion with a smaller radius [3,32,33].
Generally, the A-sites provide the basicity and high thermal stability of the whole structure.
When perovskites are exposed to a reductive environment, the B-site cations migrate
(exsolve) spontaneously from the bulk to the surface, forming highly dispersed metal
nanoparticles. The exsolved metal particles, which are confined on the catalyst surface,
exhibit superior reactivity and stability due to their enhanced resistance to coking and
metal sintering [32,33]. Removal of the active metal from the host lattice results in the
rearrangement of the nonreducible metals and the formation of oxygen vacancies [32]. The
physicochemical and catalytic properties of perovskite-derived catalysts can be greatly
influenced by the partial substitution of the A- and/or B-sites by other metal cations,
which results in the formation of solids described by the formula A;_ xA'xBl,yB'yOg, [31,34].
As a general trend, A-site substitution enhances the oxygen mobility in the perovskite
structure by generating oxygen vacancies, which suppress the carbon deposition, while
B-site substitution tends to increase the activity and stability of the derived catalysts due to
bimetallic synergy effects [3,33].

The performance of perovskite-derived catalysts for hydrogen production has been
studied by several authors. The majority of these studies focused on the dry reforming
of methane [3,35-43] and to a lesser extent on the reformation of other feedstocks such as
acetic acid [44,45], biomass tar [46], bio-oil [47], diesel [48-50], ethane [51], ethanol [52-54],
glycerol [55,56], phenol [57], and toluene [58,59]. The propane reforming over perovskite-
derived catalysts has rarely been reported in the literature [60-62]. For example, Lim
etal. [60] investigated the autothermal reforming of propane over Ce-modified Ni/LaAlO3
catalysts and reported the increased thermal stability and low carbon deposition over
the Ce-doped sample. Yeyongchaiwat et al. [62] studied the oxidative reforming of C3Hg
over PryNig 75Cup 25Gag 0504 perovskite whereas Sudhakaran et al. [61] investigated the
dry reforming of propane over the SrNiOj catalyst. The observed enhancement of CO

108



Nanomaterials 2021, 11, 1931

selectivity and minimal carbon formation was attributed to the strong basicity of the
perovskite [61].

In the present work, the propane steam reforming reaction was investigated over cata-
lysts derived from LaNiO3-based perovskites promoted with Sr and/or noble metals (Ru,
Rh). The LaNiOj3 perovskite was chosen as the parent material because of its well-known
activity and stability for reforming reactions [3,63] originating from its transformation into
metallic nickel (Ni%) and lanthanum oxide (La,O3) when exposed to reductive conditions
at high temperatures [31]. The effects of partial substitution of La by Sr in the A-sites
and/or of Ni by Ru or Rh in the B-sites of LaNiO3 have been investigated in an attempt
to systematically study the effects of the nature and composition of the A- and B-sites
on the catalytic performance for the title reaction. Strontium was chosen because of its
ability to increase the number of vacancies that facilitates the mobility of oxygen toward
the surface of the solid, to improve the adsorption and desorption of CO,, and to enhance
the resistance of the derived catalysts against carbon deposition [64-66]. On the other hand,
partial substitution of Ni by small amounts of Ru or Rh aimed at further improving the
catalytic activity and resistance against deactivation, because of the excellent affinity of
these metals for the rupture of C—C and C-H bonds and their ability to minimize coke
accumulation [32,52,67,68]. Results obtained show that catalysts derived from LSNRu, and,
especially, LSNRh, perovskites are characterized by high activity and selectivity toward Hy
as well as by long-term stability for the PSR reaction. It is anticipated that the present work
may contribute toward understanding the effects of the nature and composition of the A
and B sites on the catalytic performance of perovskite-derived catalysts, thereby facilitating
the design of efficient catalytic materials for the steam reforming of propane and other
similar reactions.

2. Materials and Methods
2.1. Synthesis of Perovskite-Type Oxides

A series of perovskites including LaNiO3 (LN), Lag gSrp2NiO3 (LSN), and noble metal-
substituted oxides denoted in the following as LNM, and LSNM, (M = Rh or Rh; x = 0.01
or 0.1) were prepared with the combustion synthesis method [69]. Citric acid monohydrate
(Merck, Darmstadt, Germany) was used as a fuel whereas Sr(NO3); (Sigma-Aldrich, St.
Louis, MO, USA), La(NO3)3-6H,O (Alfa Aesar, Karlsruhe, Germany), Ni(NO3),-6H,O
(Alfa Aesar, Karlsruhe, Germany), Ru(NO)(NOs3); (Alfa Aesar, Karlsruhe, Germany), and
N3OgRh (Alfa Aesar, Karlsruhe, Germany) were used as metal precursor salts. In a typical
synthesis, stoichiometric quantities of the respective metal nitrates were dissolved in triple-
distilled water followed by the addition of citric acid, NH4NOj (extra-oxidant), and, finally,
ammonia solution for the neutralization of the excess citric acid. The resulting solution was
heated until ignition at ca. 400 °C and the powder obtained was calcined at 900 °C for 5 h
and then ground in a mortar. The notations and nominal formulas of the materials thus
prepared are listed in Table 1.

2.2. Physicochemical Characterization

The specific surface areas (SSAs) of the freshly prepared and the used materials were
determined with the BET method using a Micromeritics (Gemini III 2375) instrument (Nor-
cross, GA, USA). X-ray diffraction (XRD) patterns were obtained on a Bruker D8 instrument
(Bruker, Karlsruhe, Germany) and were analyzed by employing JCPDS data files. The
average crystallite size of the resulting phases was estimated by applying the Scherrer
equation. Details on the above methods and procedures can be found elsewhere [70]. Scan-
ning electron microscopy (SEM) images were obtained on the JEOL JSM 6300 instrument
(JEOL, Akishima, Tokyo, Japan), equipped with X-ray Energy Dispersive Spectrometer,
EDS (ISIS Link 300, Oxford Instruments, Oxford, UK).
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Table 1. Notation, nominal composition, BET specific surface area, and main phases detected with XRD for the as-prepared
(fresh) perovskites and the used catalysts.

Notation

Nominal Formula

Specific Surface Area Phases Detected with XRD

(m?g-1)
Fresh Used Fresh Used
. LaNlO3 L6202CO3
LN LaNiOs 3 42 (rhombohedral, rh) Ni
. LaZSrOX
LSN Lag sS10.2NiOs 5 18 SrosLaisNiOy 1.a,0,C0;
NiO .
Ni
LNRup o1 LaNig 99Ru 103 4 56 LaNiO; (h) Laz%ic%
La202C03
LNRuoll LaNiOAgRu0.103 6 71 LaNlO3 (cubic) La203
Ni
SrO‘SLal_SNiO‘; L3202CO3
. LaNiOj (rh SrCO
LSNRug o Lag gSrg2Nig g9Rug 103 6 55 SrNiSOi ) SrC23
NiO Ni
Sr0,5 La1 _5NiO4 LaSZTOCZOCOS
LSNRUO_] Lao_gsro_zNiQ_gRuO_]O3 8 59 LaNi03 (I‘h) 3
. LaZO3
NiO )
Ni
. LazOzCO:;
LSNRho 01 Lag gSro.2Nig.99Rhg 0103 6 66 SrosLa1sNiOy SrCO;
NiO Ni
La202C03
. SrgsLag 5NiO, SrCO,
LSNRhO_] Lag_gsro_leo_tho_] 03 6 29 05 Nié 4 Lazoz
Ni

2.3. Catalytic Performance Tests

The catalytic performance of the synthesized materials for the propane steam reform-
ing reaction was evaluated using a fixed bed reactor operating at near atmospheric pressure.
The reactor consists of a 35-cm long quartz tube (6 mm O.D.) with an expanded 6-cm long
section in the middle (12 mm O.D.) where the catalyst was placed. The flow of the inlet
gases is controlled by employing mass-flow controllers (MKS Instruments, Andover, MA,
USA). An HPLC pump (type Marathon; Spark-Holland, Emmen, The Netherlands) was
used to feed water into a vaporizer with a set temperature of 200 °C and the steam pro-
duced was mixed with the gas stream coming from the mass-flow controllers. The reaction
temperature was measured in the middle of the catalyst bed using a K-type thermocouple
placed within a quartz capillary well running through the cell. The reactor is placed in
an electric furnace, the temperature of which is controlled using a second K-type thermo-
couple placed between the reactor and the walls of the furnace. A pressure indicator was
used to measure the pressure drop in the catalyst bed. A cold trap was placed at the exit of
the reactor to condense water before the introduction of the sample to the analysis system.
Separation and analysis of hydrocarbons such as C3Hg, C3Hg, CoHg, CoHy, and CHy was
accomplished with a gas chromatograph (GC-14A, Shimadzu, Kyoto, Japan) equipped with
a Carbosieve column and an FID detector, whereas analysis of Ar, CO, CO,, and CH4 was
made using a Carboxen column and a TCD detector using He as the carrier gas. A separate
GC-TCD system (GC-8A, Shimadzu, Kyoto, Japan), operated with Ny as the carrier gas,
was used to measure the amount of produced Hj. Determination of the response factors of
the GC detectors was performed using gas streams of known composition.
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In a typical experiment, 100 mg of a fresh perovskite sample (particle size: 0.18 mm <
d < 0.25 mm) was placed in the reactor and heated at 750 °C under He flow. The flow was
then switched to the reaction mixture (200 cm® min—1) consisting of 2.3% C3Hg, 22.9% H,O,
and 0.7% Ar, which was used as an internal standard (He balance). The reactor effluent
was analyzed using the gas chromatographs described above. The reaction temperature
was then stepwise decreased down to 450 °C and similar measurements were obtained.
The propane conversion was calculated using the following equation

[CsHsgli, — [CsHg o
[C3H8}ir\

Xc3us = x 100 3)

where [C3Hglin and [C3Hglout are the inlet and outlet concentrations of C3Hg, respectively.
The selectivities toward carbon-containing products (e.g., CO, CO,, CHy, CoHy, CoHp)

were evaluated according to:

o [Cl] Xn

fLC xn

where 7 is the number of carbon atoms in product i and C; is its concentration at the reactor
effluent. Hydrogen selectivity is defined as the concentration of Hj in the effluent gas over
the sum of the concentrations of all reaction products containing hydrogen, multiplied by
the number of hydrogen atoms (y) in each product:

S x 100 @

[Hz]
Sip = 100 5
T L < [CH]) ©

2.4. Temperature-Programmed Oxidation Experiments

The amount of carbon deposits accumulated on the catalyst surface following exposure
to reaction conditions was estimated with temperature-programmed oxidation (TPO) ex-
periments employing the apparatus and following the procedure described elsewhere [71].
Briefly, the “used” catalyst sample was placed in a quartz microreactor, exposed to a 3%
O, /He mixture at room temperature for 10 min, and then heated linearly (8 = 10 °C min~!)
up to 750 °C under the same flow. Analysis of gases at the reactor effluent was accom-
plished by employing an online mass spectrometer (Omnistar/Pfeiffer Vacuum). The
transient-MS signals at m/z = 2 (Hy), 18 (H,0), 28 (CO), 32 (O,), and 44 (CO,) were contin-
uously recorded. Responses of the mass spectrometer were calibrated against self-prepared
mixtures of accurately known composition.

3. Results and Discussion
3.1. Physicochemical Characteristics of the as-Prepared Perovskite Samples

The specific surface areas of the as-prepared (fresh) perovskite samples were measured
with the BET method and the results obtained are listed in Table 1. It was observed that
the SSA of LaNiO3 (LN) was very low (3 m? g~ 1). This is typical for perovskite-type oxide
structures where SSA corresponds mainly to the external area of non-porous particles [72].
Partial substitution of La by Sr resulted in an increase of the SSA to 5 m? g~! for the
Lag gSrpNiO3 (LSN) sample. This is in agreement with the results of previous studies,
which showed that partial substitution of the A-sites of a perovskite generally results
in an increase of the SSA induced by structural disorder and delay in the crystallite
growth [52,73,74]. A further increase of the SSA up to 8 m?> g~! was observed upon partial
substitution of Ni by Ru or Rh in the B-sites of the LN and LSN perovskites, which is more
significant for the samples containing larger amounts of noble metals (Table 1).

The XRD patterns of the freshly prepared samples are shown in Figure 1, and the
various phases detected in each case are listed in Table 1. It was observed that the diffrac-
togram obtained for LN (Figure 1A, trace a) contained only reflections attributable to the
rhombohedral LaNiOj3 perovskite structure (JCPDS Card No. 34-1028). Substitution of
1% at. of Ni by Ru in the B-sites of LN (LNRuyg ; sample) resulted in a shift of the XRD
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peaks toward lower angles (trace b). This shift, which becomes more pronounced upon
further increase of the Ru content (LNRug ; sample, trace c), indicates the preservation of
the LaNiOj3 perovskite structure but in the cubic system (JCPDS Card No. 33-710).

(A) = LaNiO; rhombohedral

A\ LNRUg o

Intensity (a.u.)

e

20 30 40 50 60 70 80 46 48 50

2 theta (°) 2 theta (°)
(B) e Srysla NiO, v NiO
# LaNiOg 4 SrNiO,
g . ..LSNRum LSNRug 4
Mﬂw
= N LSNR LSNRu
= . HC Up, 0.01
2 bwe 4 v o« ° H v e 02-1 Al
Q e
< |
LSN

20 30 40 50 60 70 80 46 48 50

2 theta (°) 2 theta (°)
(®)) e Srysla N0, v NiO
LSNRh, ,
b Ny ]
LSNRhy,

]

LSN

20 30 40 50 60 70 80 46 48 50
2 theta (°) 2 theta (°)

Figure 1. X-ray diffraction patterns of the as-prepared perovskite samples: (A) LNRuy, (B) LSNRuy,
and (C) LSNRhy. In the magnified pattern on the right of each graph is shown the peak attributed to
the (200) reflection.
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The sample obtained following partial substitution of 1% at. Ni by Ru in the LSN
structure (LSNRug o; sample) was also characterized by the presence of Srg5La; 5NiO4 and
NiO phases, whereas smaller peaks due to LaNiO3 (cubic) and SrNiO3 (hexagonal) could
also be observed (trace b). Increasing the Ru content resulted in the formation of the same
phases except for SrNiO3, which did not appear in the XRD pattern of the LSNRug ; sample
(trace c). The presence of the NiO phase in the diffraction patterns of all LSNRu, samples
(Figure 1B) indicates that a portion of nickel is located outside the perovskite structure.
Regarding the LSNRh, samples, the XRD patterns presented in Figure 1C show that the
partial substitution of Ni by Rh in the B-sites of the perovskite resulted in the formation of
the same main phases observed for LSN (SrpsLa; 5NiO4 and NiO). The peaks attributed
to SrpsLa; sNiO4 were much broader for the LSNRhg; sample (trace c), compared to
LSNRhy g; (trace b), indicating the development of smaller crystallites. The calculated
cell parameters of the crystalline phases detected by XRD for the as-prepared perovskite
samples are presented in Table S1. It was observed that the incorporation of Ru or Rh in
the LSN samples resulted in an increase in the a cell parameter and a decrease in the c cell
parameter of the SrpsLaj 5NiO4 tetragonal structure.

It is of interest to note that the XRD patterns presented in Figure 1 do not contain any
peaks attributable to Ru or Rh species, indicating that noble metals are incorporated in
the perovskite structure. It is known that the formation of perovskites may be restricted
depending on the size of the cations present in the A and/or B sites of the material. In
general, the radius of cation A should be larger than 0.09 nm, whereas the radius of cation
B should be larger than 0.051 nm [75]. The partial substitution of A by an alkaline earth
metal A’ and/or the partial substitution of B by another transition metal B’ may result in
the destruction of the perovskite matrix [75,76]. This can be avoided if the radii of A (r,),
B (), and oxygen (o) ions in the perovskite structure obey the restriction 0.75 <t < 1.0,
where ¢ is the tolerance factor expressed by [75]:

_ (ra+ro)
' Va1 r0) ©

Based on the above, and considering the sizes of the Ru and Rh cations, it may be
concluded that the noble metals used as promoters in this work can only be incorporated
in the B-sites of the LN and LSN perovskite structures.

As already mentioned, the partial substitution of Ni by Ru or Rh resulted in a shift
in the XRD reflections of the LN and LSN perovskites toward lower angles (26), which is
accompanied by a decrease in the mean primary size of the perovskite crystallites, estimated
by the Scherrer equation. This was the case, for example, for the (200) reflection which can
be clearly discerned in the XRD patterns of all samples investigated (see expanded sections
of the XRD patterns in Figure 1). The dependence of the (200) diffraction angle (20) and
the mean crystallite size on the type (Ru or Rh) and content (x = 0, 0.01, 0.1) of the noble
metal in the LNRu,, LSNRu,, and LSNRh, samples are shown in Figure 2. It was observed
that in all cases, partial substitution of Ni by Ru or Rh resulted in a progressive shift of
the diffraction peak toward lower angles and in the development of smaller crystallites.
Qualitatively similar results have been reported by other authors [48,69,77]. For example,
Mota et al. [48] found that substitution of Ru for Co in LaCoq_Ru,Oj resulted in a shift
of XRD peaks toward lower 26 values accompanied by an alteration in the perovskite
structure from rhombohedral to orthorhombic. This has been attributed to the larger ionic
radius of Ru3* (0.68 A) compared to Co®* (0.61 A) and the concomitant decrease of the
tolerance factor. Similar results were obtained by Ivanova et al. [77] over LaNi,Coj_,O3
and LaFe,Coj_,O3 perovskites as well as by Safakas et al. [69], who also observed a change
in the perovskite structure from orthorhombic to rhombohedral upon partial substitution
of Fe by Co in LaggSrp,CoxFe;_O3_s5. In the present work, a change in the LaNiO;
structure from rhombohedral to cubic was observed following partial substitution of Ni by
Ru (Figure 1A). The shift toward lower 260 angles observed for the LNRu,, LSNRuy, and
LSNRh, samples (Figure 2) indicates a high degree of incorporation of the noble metals in
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the B-sites of the perovskite structure [49] and can be explained considering that the ionic
radii of Ru®* (0.68 A) and Rh3* (0.67 A) are larger than that of Ni** (0.60 A).

N
o

w
o
1

Primary crystalite size (nm)

|
]
104  LSNRuy,
e
s LSNRn,
0 T T T T
47.0 47.2 47.4 47.6

2 theta (°)

Figure 2. Dependence of the mean primary size of the perovskite crystallites, and of the angle
corresponding to the (200) reflection on the type (Ru or Rh) and content (x = 0, 0.01, 0.1) of the B-site
cation in LNRuy, LSNRuy, and LSNRh, samples (data extracted from the XRD patterns shown in
Figure 1).

Regarding the decrease in the primary crystallite size of the perovskites following
substitution of Ni by Ru or Rh (Figure 2), it can be attributed to structural disorder and
delay in the crystallite growth above-mentioned, and is reflected to the higher SSA of the
noble metal-containing samples (Table 1). Qualitatively similar results have been reported
by Mota et al. [48,49] for LaCo;_,Ru,O3 perovskites.

A representative SEM image obtained for the fresh LSNRhy; perovskite sample is
shown in Figure S1, together with elemental mapping results, which confirm the presence
and uniform distribution of La, Sr, Ni, and Rh in the material. Moreover, the elemental
analysis showed that the wt.% content of La (47.42%), Sr (7.34%), Ni (22.04%), and Rh
(4.16%) is in agreement with the nominal composition of this sample.

3.2. Catalytic Performance Tests

Results of catalytic performance tests performed under PSR reaction conditions using
the noble metal-free LN and LSN perovskite samples are shown in Figure 3, where the
conversion of propane (Xcspsg) and the selectivities to reaction products (S;) are plotted as
functions of reaction temperature. It was observed that the LN sample exhibited consider-
able activity for the title reaction, with Xc3pg increasing progressively from 26% at 450 °C
to ca. 100% at 750 °C (Figure 3A). The selectivity toward CO, decreased with increasing
temperature while Sco followed the opposite trend, indicating the occurrence of the reverse
water gas shift (RWGS) reaction (reverse of Equation (2)), which is thermodynamically
favored at higher temperatures [78].
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Figure 3. Conversion of propane (XC3Hg) and selectivities to the indicated reaction products obtained over (A) the LaNiO3

(LN) and (B) the Lag gSrp,NiO3 (LSN) samples. Experimental conditions: mass of catalyst: 100 mg; particle diameter:
0.18 < d < 0.25 mm; feed composition: 2.3% C3Hg, 22.9% H,O, 0.7% Ar (balance He); total flow rate: 200 cm® min—1.

Production of H, exceeds 95% at temperatures higher than 550 °C. However, at lower
temperatures, Siyp is decreased due to the production of methane. Selectivity to methane
passes through a maximum of ca. 20% at around 500 °C and progressively decreases with
increasing temperature due to the onset of the CHy steam reforming reaction. In addition to
the above-mentioned products, negligible amounts of C;Hy and C,Hg were also detected at
the reactor effluent (not shown for clarity). The propane conversion curve obtained for the
LSN sample (Figure 3B) shifted toward higher temperatures, compared to LN, indicating
that the partial substitution of La with Sr in the A-sites of the perovskite negatively affects
the catalytic activity. This is in general agreement with results of previous studies showing
that substitution of Sr into the A-sites of LaNiOj3 [64,79] or LaCoOj3 [80] perovskites usually
decreases the CHy reforming activity. On the other hand, LSN is highly selective toward
Hy, with Sy exceeding 97% over the entire temperature range investigated (Figure 3B).

Results of similar catalytic performance tests obtained for the Ru-substituted LaNiO3
perovskites (LNRug o; and LNRug ; samples) are shown in Figure 4. It was observed that
partial substitution of Ni by Ru resulted in slightly lower propane conversions compared
to unpromoted LN (Figure 4A). This can be attributed, at least in part, to the different
crystal structures obtained following the addition of Ru (i.e., cubic for LNRug 1 vs. rhom-
bohedral for LN (see Figure 1A)). Regarding selectivities to reaction products, the results
presented in Figure 4B,C show that the presence of Ru does not appreciably affect the
product distribution.

Results obtained following the substitution of Ni by Ru or Rh in the B-sites of LSN
are presented in Figure 5. Regarding the sample with the lower Ru content (LSNRug 1),
it was observed that the propane conversion curve was slightly improved compared to
pristine LSN (Figure 5A). An increase in the Ru content (LSNRug ; sample) resulted in a
moderate increase in propane conversion in the whole temperature range investigated.
Regarding selectivities to reaction products, both the LSNRug ¢; and LSNRug ; catalysts
yielded higher amounts of methane compared to LSN (Figure 5B), whereas Sco and Scop
were not significantly affected (Figure 5C). On the other hand, the substitution of Ni by
a small amount of Rh (1% at.) in the B-sites of the LSN perovskite (LSNRhyy; sample)
resulted in a significant increase of propane conversion in the whole temperature range
investigated, compared to the pristine LSN (Figure 5A). For example, Xcspg increased
from ca. 4% to 38% at 450 °C and from 70 to 86% at 620 °C. This was accompanied by
a decrease in the selectivity toward H, and the production of larger amounts of CHy,
which was maximized at ca. 550 °C (Figure 5B). The selectivity toward CO; followed the
opposite trend than that of CHy, whereas Sco was not appreciably affected by the presence
of Rh (Figure 5C). Further increase in the Rh content (LSNRhg ; sample) resulted in an
even higher propane conversion, which exceeded 90% at temperatures above ca. 550 °C
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(Figure 5A). Regarding selectivity to reaction products, the LSNRhg; sample exhibited
superior selectivity toward Hy, with Sy, being higher than 91% over the entire temperature
range investigated and close to 100% above ca. 620 °C (Figure 5B). The selectivity toward
CO, was also very high and comparable to that of LSN (Figure 5C).
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Figure 4. (A) Conversion of propane, (B) selectivities to Hy and CHy, and (C) selectivities to CO, and CO obtained over the
LNRuy catalysts. Experimental conditions: same as in Figure 3.

3.3. Physicochemical Characteristics of the Used Catalyst Samples

The “used” catalyst samples obtained following the catalytic performance tests pre-
sented in Figure 5 were characterized with the use of BET and XRD techniques in order
to investigate the effects of exposure to the reaction conditions on the physicochemical
properties of the materials.

As shown in Table 1, the SSAs of the used samples were considerably larger than
those of the fresh perovskites. For example, the SSA of the LNRug ; sample increased from
6m? g1 to 71 m? g~ 1. As discussed below, this increase in SSA was due to the destruction
of the perovskite structures and the formation of new phases under reaction conditions.
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Figure 5. (A) Conversion of propane, (B) selectivities to Hy and CHy, and (C) selectivities to CO, and CO obtained over the
LSNRhy and LSNRuy catalysts. Experimental conditions: same as in Figure 3.

The XRD profiles of the used catalysts are presented in Figure 6 and the various phases
identified for each sample are listed in Table 1. It was observed that the XRD pattern of
LN (Figure 6A, trace a) consisted of peaks attributed to hexagonal La,O,CO3 (JCPDS Card
No. 37-804) and cubic Ni (JCPDS Card No. 1-1260). Qualitatively similar results were
obtained for the used LNRuy ¢ (trace b) and LNRuy ; (trace c) catalysts. In the latter case,
reflections attributable to hexagonal La;O3 (JCPDS Card No. 5-602) could also be discerned.
This implies that, under the reducing atmosphere existing under reaction conditions, the
parent LaNiOj3 perovskite is in situ transformed into metallic Ni and La;O3. Because of
the high affinity between La;O3 and CO,, lanthanum oxycarbonate (LayO,CO3) is formed
according to [66]:

Lap,O3 + CO,; — Lap0,CO5 7)

( A) e La,0,CO,4
o La,Oy
° v Ni

LNRug
L]

Intensity (a.u.)
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Figure 6. Cont.
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Figure 6. X-ray diffraction patterns obtained for the (A) LNRuy, (B) LSNRuy, and (C) LSNRhy
catalyst samples following exposure to reaction conditions.

The Ni° crystallites, which provide the active sites for propane reforming, were well
dispersed and interacted strongly with the La;O3/La;O,COj3 support, thereby inhibiting
metal sintering [3]. The absence of peaks attributable to Ru provides evidence that the
exsolved noble metal was also well dispersed on the catalyst surface. As shown in Figure 6B,
the XRD pattern of the used LSN sample (trace a) was dominated by reflections attributed
to the LaySrO, structure (JCPDS Card No. 42-343) as well as hexagonal La;O3 and cubic Ni.
Interestingly, the La;SrO, phase was absent in the diffraction profiles of the used LSNRug o1
(trace b) and LSNRuy; (trace c) catalysts that consisted mainly of LaO,COj3, Ni as well
as orthorhombic SrCO3 (JCPDS Card No. 5-418), Lay O3, and cubic SrC, (JCPDS Card No.
1-1022). This indicates that the presence of Ru in the perovskite structure facilitates the
conversion of La,SrOy to LayO3 and SrO, which may interact with CO; to form La,O,COs3
(Equation (7)) and SrCOs:

SrO + CO, — SrCO;3 8)

Qualitatively similar results were obtained for the used LSNRh, catalyst samples
(Figure 6C). In particular, the presence of Rh leads in the development of the La,O,CO;3,
Ni?, SrCO3, and LayO3 phases under reaction conditions. As a general trend, the presence
of carbonate phases in the used LSNRu, and LSNRh; catalyst samples seems to be related to
improved catalytic performance for the title reaction. For example, LSN, which is the least
active among the samples investigated, was the only one that contained small amounts
of LapO,COj after exposure to the reaction conditions (Figure 6). The cell parameters
estimated for the La,O,COj3 structure detected in the used samples are presented in
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Table S1. It was observed that in the case of the LSNRuy and LSNRhy catalysts, the
a cell parameter of LayO,CO3 decreased and the c cell parameter increased, compared
to the used LSN sample. The EDS mapping analysis performed for the used LSNRh ;
sample (Figure S2) showed intense signals for the carbon and La elements originating
from La;O,CO;s. It is important to note that no XRD peaks attributable to graphite were
detected over the used catalyst samples, indicating that the amount of accumulated carbon
deposited was relatively small.

3.4. Long-Term Stability Tests

The stability of representative catalyst samples derived from LN, LSN, and LSNRh ;
was studied at 600 °C for 40 h. The results obtained are presented in Figure 7, where
the conversion of propane (Xc3pg) and the selectivities toward Hy, CO, CO,, and CHy
are plotted as functions of time-on-stream. Dashed vertical lines indicate shutting down
of the system overnight, where the catalysts were kept at room temperature under He
flow. It was observed that the conversion of propane over the LN sample increased
substantially during the first three hours-on-stream from an initial value of 38% to ca. 70%
(Figure 7A). Prolonged exposure to the reaction mixture resulted in a further increase of
Xcsns, which stabilized at ca. 77% after about 25 hours. This behavior can be attributed
to the progressive reduction of the as-prepared LaNiOj perovskite (Figure 1A) to the
catalytically active Ni® and La,0,COj3 species (Figure 6A), in agreement with the results of
previous studies [31,33,63]. Selectivities to reaction products also varied during the first
few hours-on-stream and then remained practically stable. Selectivity toward H; exceeded
97%, whereas Sco and Scop had values around 50% (Figure 7A).
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Figure 7. Long-term stability tests obtained at T = 600 °C over the (A) LN, (B) LSN, and (C) LSNRhy ;
catalysts. Experimental conditions: same as in Figure 3. Vertical lines indicate shutting down of the
system overnight, where the catalyst was kept at room temperature under He flow.

The performance of the LSN catalyst (Figure 7B) was qualitatively similar to that of
LN (i.e., Xc3ps increased during the first few hours-on-stream and then remained stable
at ca. 80% throughout the run). The selectivity toward H; remained practically constant
at ca. 96%. It is of interest to note that the in situ activation of the LSN sample and the
stabilization of catalytic performance (Figure 7B) occurred after a shorter time of exposure
to the reaction mixture compared to the LN sample (Figure 7A). This can be attributed to
the ability of the Sr dopant to decrease the reduction temperature of the parent material [81]
and to facilitate the formation of La,O,COj3 according to:

La203 + SI‘CO?, — La202C03 + SrO (9)

Finally, the LSNRhq ; catalyst (Figure 7C) exhibited excellent stability and was char-
acterized by the highest values of both propane conversion (Xc3ps = 92%) and selectivity
toward Hp (Spp = 97%) compared to the LN and LSN samples. The fact that Xc3pg and S;
acquired stable values at relatively very short time periods indicates that the presence of
Rh in the structure of the parent material has a beneficial effect on the reduction processes
that lead to the in situ formation of the catalytically active Ni’ and La,0,CO; phases.
Regarding the higher activity and H; selectivity of the LSNRhg ; catalyst compared to LN
and LSN, these can be attributed to the presence of well-dispersed Rh crystallites on the
catalyst surface, which act synergistically with Ni® species [72].

The excellent stability of the LN, LSN, and LSNRh ; catalysts (Figure 7) can be related
to the formation of La,O,COj3; under reaction conditions. It is well known that this species
can prevent catalyst deactivation by reacting with carbon deposits according to [82,83]:

L8202CO3 +C@& La203 +2CO (10)

Similar results have been reported for conventionally prepared Ni/LayOs catalysts,
which transform into Ni/LayO3/LayO,CO3 under reduction conditions [84]. It may also be
noted that pre-synthesized La,O,COjs either alone [85,86] or in combination with Al,O3 [87]
has also been used as catalyst supports for reforming reactions. Compared to these materi-
als, the perovskite-derived catalysts have the advantage of comprising very well dispersed
and strongly bound metal crystallites on the support, rendering them more active and
resistant against carbon deposition.

3.5. Carbon Accumulation on the Catalyst Surface

After the completion of the stability tests presented in Figure 7, TPO experiments were
carried out to quantify the amount of reactive carbon-containing species that accumulated
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on the catalyst surfaces. The results obtained are presented in Figure 8, where the CO,
concentration at the reactor effluent is plotted as a function of temperature. It was observed
that the TPO profile of the LN-derived catalyst is characterized by an intense peak centered
at 530 °C and two shoulders at ca. 560 and 600 °C (trace a). The features appearing at
temperatures lower than ca. 550 °C can be attributed to carbon species with amorphous
filamentous morphology (Cw) characterized by a higher reactivity due to structural disor-
der [88]. The high-temperature shoulder at ca. 600 °C can be assigned to the oxidation of
graphite-like carbonaceous species, Cg, which are produced from C and are more difficult
to remove from the catalyst surface ([88] and refs. therein). The amount of accumulated
carbon on the LN catalyst was calculated from the area below the TPO curve and was
found to be 57 mg C gcafl.
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Figure 8. Temperature-programmed oxidation (TPO) profiles obtained for the indicated catalysts
following exposure to the long-term stability tests shown in Figure 7.

The TPO profile of the LSN catalyst consists of a peak with a broad maximum located
above ca. 600 °C (trace b). The amount of the accumulated carbon (35 mg C gcafl) was
much lower than that obtained for the LN sample, indicating that the co-existence of La and
Sr at the A-sites of the parent perovskite material decreased the tendency of the derived
catalyst toward carbon deposition. As discussed above, this can be related to the ability
of SrCO; to facilitate the formation of LayO,CO3 under reaction conditions. Finally, the
LSNRhy ; catalyst presented a TPO peak with a broad maximum located at ca. 500-650 °C
(trace c), which corresponded to 42.6 mg C geat ' Although the amount of CO; produced
was higher than that obtained for LSN (35 mg C gcat 1), the conversion of propane was also
considerably higher (i.e., 92% for LSNRhg ; vs. 80% for LSN (Figure 7)). In addition, the
CO, peak started evolving at lower temperatures for the LSNRhg ; sample, indicating that
the presence of Rh resulted in the accumulation of filamentous carbonate species, which
can be more easily oxidized. This can be attributed to the Rh-induced enhancement of the
reducibility of Ni, the inhibition of the sintering of the metallic particles, and the promotion
of the gasification rate of carbon deposits due to Ni-Rh interactions [89-91].

After the TPO measurements, the used samples were characterized with XRD, and
the results obtained are shown in Figure 9. It was observed that the dominant phase in
the XRD patterns of all three samples, namely LN (trace a), LSN (trace b), and LSNRh ;
(trace c), was LapO,COs3. Nickel was clearly oxidized toward NiO only in the case of
LSN, whereas it mainly existed in its metallic phase in the cases of the LN and LSNRhy ;
samples. The TPO did not result in the reappearance of the initial perovskite structures.
In addition, the LayO,CO3 phase did not decompose, implying that the CO, that evolved
during TPO should be mainly attributed to the oxidation of accumulated carbon and not to
the decomposition of carbonate phases such as LayO,COj3. This is rather expected since
temperatures higher than ca. 900 °C are typically necessary for the decomposition of the
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La;0,COj3 phase [81]. However, the possibility that the TPO peaks presented in Figure 8
are, at least in part, due to the elimination of CO, from surface oxycarbonates and/or
strongly adsorbed CO, cannot be excluded [66,92]. Further investigation of this issue is
beyond the scope of the present work and will be the subject of our future studies.

* La,0,CO,
= NiO

o o e v Ni

LSNRh,

Intensity (a.u.)

20

Figure 9. X-ray diffraction patterns of (a) LN, (b) LSN, and (c) LSNRhg ; samples obtained after the
TPO experiments presented in Figure 8.

4. Conclusions

The effects of partial substitution of La by Sr and of Ni by Ru or Rh in the LaNiO3
structure were investigated in an attempt to systematically study the effects of the nature
and composition of the A- and B-sites of the perovskite-derived catalysts for the propane
steam reforming (PSR) reaction. The physicochemical characteristics of the as-prepared
LaNiOs (LN), Lag gSrp2NiO3 (LSN), and noble metal-substituted LNM, and LSNM; per-
ovskites (M = Ru or Rh; x = 0.01 or 0.1) as well as the used catalysts obtained following
exposure to reaction conditions were studied by employing the BET method and the XRD
technique. Results obtained can be summarized as follows:

1. Incorporation of noble metals in the matrix of LN and LSN perovskites resulted in
an increase in the specific surface area (SSA), a shift of the XRD lines toward lower
angles, and a decrease in the mean primary crystallite size of the materials. These
modifications of the physicochemical characteristics of the perovskites, which are
more pronounced for samples with higher noble metal content, have been attributed
to the distortion of the perovskite structure induced by the incorporation of Ru or Rh
in the matrix;

2. Exposure of the perovskite samples to PSR reaction conditions resulted in the destruc-
tion of the perovskite structure and the development of new phases, accompanied by
a considerable increase in the specific surface areas of the materials. Specifically, the
in situ reduction of the parent perovskites resulted in the exsolution of Ni (as well
as Rh or Ru) and the formation of well-dispersed metal nanoparticles on the result-
ing support, which consisted mainly of LaO,COj3 produced from the interaction of
La;O3 with CO,. The main phases detected with XRD for the LNRuy-derived sam-
ples included metallic Ni and La;O,CO3; whereas the LNSRu, and LNSRh,-derived
catalysts also contained La,SrOy, La; O3, and SrCOj3. The presence of noble metals in
the derived catalysts was confirmed by SEM/EDS measurements;

3. The LN-derived catalyst exhibited higher activity compared to LSN, and its perfor-

mance for the title reaction did not change appreciably following partial substitution
of Ru in the B-sites of the perovskite. In contrast, incorporation of Ru and, especially,
Rh in the perovskite matrix resulted in the development of catalysts with signifi-
cantly improved catalytic performance, which increased with an increase in the noble
metal content;
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4. Results of long-term stability test obtained at 600 °C using the LN, LSN, and LSNRhy ;
samples showed that all catalysts were characterized by high stability for 40 hours-on-
stream, which was reflected in the accumulation of relatively small amounts of carbon
deposits on the catalyst surfaces. This has been attributed to the in situ formation of
LayO,CO3 under reaction conditions, which facilitates the oxidation of accumulated
carbon, thereby preventing catalyst deactivation; and

5. Bestresults were obtained for the LSNRh ;-derived catalyst, which was characterized
by high activity (Xc3ps = 92%) and selectivity toward Hp (Sp2 = 97%) at 600 °C as well
as excellent stability for 40 hours-on-stream. This has been attributed to the presence
of well dispersed Rh crystallites on the catalyst surface, which act synergistically with
Ni® species.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/1nano011081931/s1. Figure S1. SEM image (A), EDS mapping results showing the distribution of
(B) La, (C) Sr, (D) Ni, (E) Rh and (F) La (green spots), Ni (blue spots) and Rh (red spots) elements and
corresponding EDS spectrum (G) over the as-prepared LSNRhg ; perovskite sample; Figure S2. SEM
image (A), EDS mapping results showing the distribution of (B) Carbon, (C) La, (D) Sr, (E) Ni and (F)
Rh elements and corresponding EDS spectrum (G) over the “used” LSNRhO.1 perovskite sample;
Table S1: Cell parameters of the crystalline phases detected by XRD for the as-prepared perovskite
samples and the derived (used) catalysts.
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Abstract: The catalytic performance of supported Ni catalysts for the propane steam reforming reaction
was investigated with respect to the nature of the support. It was found that Ni is much more active
when supported on ZrO, or YSZ compared to TiO,, whereas Al;O;_ and CeO,-supported catalysts
exhibit intermediate performance. The turnover frequency (TOF) of C3Hg conversion increases by more
than one order of magnitude in the order Ni/TiO, < Ni/CeO, < Ni/Al,O3 < Ni/YSZ < Ni/ZrO,,
accompanied by a parallel increase of the selectivity toward the intermediate methane produced. In situ
FTIR experiments indicate that CHy species produced via the dissociative adsorption of propane are
the key reaction intermediates, with their hydrogenation to CHy and/or conversion to formates and,
eventually, to CO, being favored over the most active Ni/ZrO, catalyst. Long term stability test showed
that Ni/ZrO, exhibits excellent stability for more than 30 h on stream and thus, it can be considered as a
suitable catalyst for the production of H, via propane steam reforming.

Keywords: propane steam reforming; H, production; Ni; TiO,; CeO,; YSZ; ZrO,; Al,Os; drifts

1. Introduction

The high energy efficiency of fuel cells has drawn considerable attention toward the
development of hydrogen production technologies. Hydrogen can be produced from fossil
fuels either via hydrocarbon pyrolysis or hydrocarbon reforming processes including steam
reforming, partial oxidation or autothermal reforming [1-5]. Biomass processes consisting
of biological (bio-photolysis, dark fermentation, photo fermentation) and thermochemical
(pyrolysis, gasification, combustion, liquefaction) methods as well as water splitting processes
such as electrolysis, thermolysis or photolysis can be alternatively applied for the production
of Hy from renewable energy sources [2,6]. However, the latter approaches are facing some
major obstacles mostly related to high cost and low Hj yields. Currently, steam reforming of
light hydrocarbons, including natural gas, ethane, propane, butane and liquified petroleum
gas (LPG), are considered among the most promising and economical routes for hydrogen
production [7]. Propane, which is the main component of LPG, has many advantages such
as high energy density, compressibility to a transportable liquid at normal temperature and
well-developed infrastructure which enable its use worldwide [8-10]. Moreover, propane can
be stored and transferred as LPG through a wide distribution network or in high pressure
cylinders in order to be supplied in remote places (e.g., agricultural, inaccessible or camping
areas) or for domestic uses (e.g., households) [3,7].

Under propane steam reforming conditions, the water-gas shift reaction occurs simul-
taneously at low temperatures contributing to H, and CO, production, whereas CO/CO,
methanation may also run in parallel yielding CH4 and H,O. Methane can be also formed
via hydrogenation of CH, species derived by the dissociative adsorption of propane on
the catalyst surface or through propane decomposition accompanied by ethylene produc-
tion. In certain cases, the C;Hy, CHy and CO thus produced are further decomposed

Nanomaterials 2021, 11, 1948. https:/ /doi.org/10.3390/nano11081948

https:/ /www.mdpi.com/journal/nanomaterials



Nanomaterials 2021, 11, 1948

leading to the formation of coke on the catalyst surface and consequently, to its progressive
deactivation [11,12].

Supported noble metal (Rh, Ru, Pt, Pd) catalysts have been proposed to efficiently
catalyze the production of Hj via propane steam reforming exhibiting high resistance to
coke formation [3,11,13,14]. However, the high cost and low availability of noble metals
are major drawbacks restricting their use in practical applications [15-17]. Noble metals
can be replaced by nickel, which is less expensive and able to convert propane with
high Hj yields. However, Ni is susceptible to coke formation and particles sintering
considered to be responsible for catalyst deactivation [5,10,17]. The lifetime of Ni-based
catalysts can be improved by optimization of the reaction conditions, catalyst promotion,
improvement of the catalyst synthesis method as well as by the proper selection of the
support [3,9,10,12,16,18,19].

Regarding the support material, it has been proposed that metal oxides characterized
by high oxygen storage capacity, such as CeO,, YSZ, TiO,, ZrO, or CeO,-ZrO,, are able
to suppress carbon deposition through the participation of their lattice oxygen in carbon
removal [3,16]. Moreover, Ni catalysts supported on metal oxides or promoted metal
oxides, which favor steam adsorption and mobility of surface hydroxyls, have been found
to facilitate coke gasification [17,20].

Metal-support interactions have been also reported to impose a dramatic effect
on both carbon deposition and metal particles sintering under conditions of hydrocar-
bons reforming [5,21,22]. It was demonstrated that stronger interactions between Ni and
MgAl,O4 support resulted in high Ni dispersion and inhibition of the formation of large
Ni clusters [22], whereas weak interactions between Ni and SiO, carrier were found to
accelerate sintering and coke formation [21].

Therefore, the economic viability and practical applicability of H, production via
propane steam reforming may be facilitated by the development of efficient Ni catalysts
supported on suitable metal oxides, which will be able to possess both high activity and
resistance against carbon deposition and particles sintering to realize economically viable
reforming processes. In the present study the effect of the nature of the support (TiO,, CeO,,
Al O3, YSZ, ZrO;,) on the activity and selectivity of Ni-based catalysts for the propane
steam reforming reaction was investigated. Mechanistic aspects related to the support
influence on the reaction pathway were also studied and are discussed.

2. Materials and Methods
2.1. Catalyst Preparation and Characterization

The wet impregnation method was applied to prepare Ni (5 wt.%) catalysts supported
on commercial metal oxide powders by using an aqueous solution of Ni (Ni(NOs),-6H,0)
as the metal precursor salt. The commercial metal oxide carriers were used as received
and were (a) activated aluminum oxide (Al,O3), catalyst support, 99% (metals basis) (Alfa
Aesar, Kandel, Germany), (b) AEROXIDE® TiO, P25 (TiO,) (Evonik Industries AG, Essen,
Germany), (c) cerium (IV) oxide (CeO;), nanopowder, 99.5% min (Alfa Aesar, Kandel,
Germany), (d) yttria-stabilized zirconia (YSZ) (8Y-SZ, Tosoh, Amsterdam, The Netherlands)
and (e) zirconium (IV) oxide (ZrO;) 99% (metal basis) (Alfa Aesar, Kandel, Germany). The
resulting materials were dried at 110 °C for 24 h followed by reduction at 400 °C under Hy
flow for 2 h. The selection of reducing Ni catalysts at 400 °C for 2 h was based on previous
studies which indicated that under these reducing conditions nickel oxide species are able
to be completely converted to metallic nickel [23-25].

The X-ray diffraction patterns of the catalysts were recorded using an X-ray powder
diffractometer (A Brucker D8 Advance instrument, Bruker, Karlsruhe, Germany) using Cu
K, radiation (A = 0.15406 nm, 40 kV, 40 mA) and a scan rate of 0.025° /s over a range of
260 between 20 and 80°. The diffraction pattern was identified by comparison with those
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supplied from the JCPDS data base, whereas the primary crystallite size of MxOy (dmxoy)
was estimated according to Scherrer’s equation:

G 09:A
MOy = B 050

)

where 0 is the angle of diffraction corresponding to the peak broadening, B is the full-
width at half maximum intensity (in radians) and A = 0.15406 nm is the X-ray wavelength
corresponding to CuK, radiation.

The specific surface area (SSA) of the supported Ni catalysts were measured by Nj
adsorption at 77 K (B.E.T. technique) using a Gemini III 2375 instrument (Micromeritics,
Norcross, GA, USA). Carbon monoxide chemisorption measurements at 25 °C were applied
for the determination of Ni dispersion and mean particle size using a modified Sorptomatic
1900 apparatus (Fisons Instruments, Glaskow, UK) and assuming a CO:Me stoichiometry
of 1:1, an atomic surface area of 6.5 A? and spherical particles. CO chemisorption mea-
surements were used instead of H, chemisorption in order to avoid overestimation of Ni
dispersion due to hydrogen spillover effects, which have been previously found to occur
over supported Ni catalysts [26,27]. Nickel particle size was calculated according to the
following equation:

60000
dni= ———

 pni - SN

(A] @)

where dyj; is the mean crystallite diameter, pnj; (= 8.9 g~cm’3) is the density of Ni and Sy;;
[m2/ gnil is the surface area per gram of Ni.

Transmission electron microscopy (TEM) images were obtained with a JEM-2100
system (JEOL, Akishima, Tokyo, Japan) operated at 200 kV (point resolution 0.23 nm)
using an Erlangshen CCD Camera (Model 782 ES500W, Gatan Inc., Pleasanton, CA, USA).
Samples were dispersed in water and spread onto a carbon-coated copper grid (200 mesh).
Details related to the equipment and procedures used for catalyst characterization have
been described in detail elsewhere [28].

2.2. Catalytic Performance Tests and Kinetic Measurements

The catalytic performance of the synthesized materials was studied in a tubular
fixed-bed quartz reactor under atmospheric pressure using an apparatus which has been
described in detail elsewhere [11]. The reaction conditions were as follows: temperature
range 400-750 °C, H,O/C = 3.25, and gas hourly space velocity (GHSV) = 55,900 h—1.
The reactor was loaded with 150 mg of catalyst (particle diameter: 0.15 < dp < 0.25 mm)
and placed in an electric furnace, where it was reduced in situ at 300 °C for 1 h under
50%H, /He flow (60 cm® min~!) to ensure that the Ni exists in its metallic phase prior
to catalytic performance tests. Catalyst reduction was followed by heating at 750 °C
under He and subsequent switch of the flow to the feed stream consisted of 4.5%C3Hg
+ 0.15%Ar + 44%H;0 (He balance). Argon was used as internal standard in order to
account for the volume change. Water was fed through an HPLC pump (LD Class Pump,
TELEDYNE SSI, PA, USA) into a vaporizer maintained at 180 °C and mixed with the gas
stream coming from mass-flow controllers. A condenser immersed in an ice bath was
placed at the exit of the reactor to condensate water prior to introduction of the gas stream
to the analysis system. Reaction gases (He, 30%C3Hg—1%Ar/He, Hy) are supplied from
high-pressure gas cylinders (Buse Gas, Bad Honningen, Germany) and are of ultrahigh
purity. Measurements of reactants’ and products’ concentrations were obtained by stepwise
decreasing temperature up to 400 °C. The effluent from the reactor was analyzed using
two gas chromatographs (Shimadzu, Kyoto, Japan) which were connected in parallel. The
procedure used for gas phase analysis was described in our previous study [11]. The
conversion of propane (Xc,p,) was calculated using the following expression:

[Carbon} total,out % 100 (3)
[Carbon} total,out + [C3H8]out

XegHg =
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where [Carbon]ota1 out is the sum of the concentrations of all carbon containing products:

_ [COJ+ [COy] +[CHY)

[Carbon]total,out - 2 X [C2H4} + [CZHG}

3 3

4)

Selectivity toward reaction products containing carbon was defined using Equation (5).
The factor 1 corresponds to the number of carbon atoms in the corresponding molecule
(e.g., for COis 1, for CyHy is 2 etc.):

[Cn] xn

=_ 27 %100 ®)
3 X [Carbon]total,out

Scn
Selectivity toward hydrogen production was defined as the concentration of hydrogen
produced divided with the concentration of all products containing hydrogen according to

Equation (6). The factor m represents the number of hydrogen atoms in the corresponding
molecule (e.g., for CHy and CyHy is 4).

[Ho]
Ha] + m/2 x [CnHp]

Sp, (%) = [ % 100 6)

The intrinsic reaction rates for propane steam reforming reaction were measured for
low propane conversions (Xc,p, < 10%) by varying W/F using the following expression:

Hgl.. - Fin — [C3Hg]. ., - F
RC3H8 _ [C3 S]m in V\}CB 8]out out % 100 (7)

where Rcapg is the molar rate of C3Hg consumption (mol s 1 gca(l), [CsHslin, [C3Hglout,
are the inlet and outlet concentrations (v/v) of C3Hg, respectively, Fi, and Foyt are the total
flow rates in the inlet and outlet of the reactor (mols~1), respectively, and W is the mass of
catalyst (gcat)-

Turnover frequencies (TOFs) of propane conversion were estimated following Equation (8)
taking into account the measurements of both the reaction rates and nickel dispersions:

Reghg - AWK

TOF =
Dni - Xni

(8)
where AWy is the atomic weight of nickel (gni/molyn;), Xnj is the nickel loading (gni/ gcat)
and Dy is the dispersion of nickel.

2.3. In Situ FTIR Spectroscopy

In situ Fourier transform infrared (FTIR) experiments were carried out using an iS20
FTIR spectrometer (Nicolet, Thermo Fischer Scientific, Waltham, MA, USA) equipped with
an MCT detector, a KBr beam splitter and a diffuse reflectance (DRIFT) sampling system
(Specac, Orpington, UK) accompanied by an environmental chamber suitable for the study
of diffusely reflecting solid samples in a controlled atmosphere. A flow system equipped
with mass flow controllers, a steam saturator and a set of valves used for controlling the
gas stream interacted with the catalyst surface, was directly connected to the gas inlet of
the environmental chamber.

In a typical experiment, the catalyst powder was placed in the sampling system and
heated at 500 °C in flowing helium for 10 min and then reduced under hydrogen flow at
300 °C for 30 min. The flow was then switched to He and the temperature was increased
at 500 °C. After remaining 10 min at this temperature the sample was cooled at 100 °C.
While cooling, the background spectra were recorded at the desired temperatures. Finally,
the flow was switched to the reaction mixture, which consisted of 0.5%C3Hg +5%H,0 (in
He). Steam was introduced to the system via an independent He line passing through a
saturator containing water maintained at 60 °C. The resulting gas mixture was fed to the
DRIFT cell through stainless steel tubing maintained at 60 °C by means of heating tapes. A

130



Nanomaterials 2021, 11, 1948

spectrum was collected at 100 °C after 15 min-on-stream followed by a stepwise increase of
temperature up to 500 °C. During heating, spectra were recorded at selected temperatures
after an equilibration for 15 min. In all experiments, the total flow through the DRIFT cell
was 30 cm® min~!. Reaction gases (He, 2%C3Hg/He, H,) are supplied from high-pressure
gas cylinders (Buse Gas, Bad Honningen, Germany) and are of ultrahigh purity.

3. Results
3.1. Catalyst Characterization

The XRD patterns of Ni/M,O, catalysts are shown in Figure 1. The characteristic
peaks located at the diffraction angles of 32.7°, 37.7°, 39.9°, 45.8° and 67.5° were appeared
for Ni/ Al,O3 which are attributed to (220), (311), (222), (400) and (440) facets of cubic Al,O3
(JCPDS Card No. 10-425), respectively. The XRD spectra recorded for Ni/CeO; catalyst
consisted of peaks located at 26 = 28.79°, 33.26°, 47.62°, 56.34°, 59.1°, 69.42°, 76.66°, 79.11°
attributed to (111), (200), (220), (311), (222), (400), (331) and (420) planes of the cubic CeO,
(JCPDS Card No. 2-1306), whereas in the case of Ni/ZrO; catalyst numerous peaks were
detected on the XRD pattern. In particular, the peaks detected at 24.2°, 24.5°, 28.5°, 31.7°,
34.5°,35.5°,38.9°,41.0°,41.5°, 45.1°, 45.8°,49.5°, 50.5°, 54.4°,55.7°, 57.5°, 60.2°, 62.1°, 63.2°,
66.0°, 71.6°, 75.3° correspond to (011), (—110), (—111), (111), (002), (200), (021), (—211),
(—121), (112), (211), (022), (—221), (202), (013), (212), (—302), (113), (311), (—321), (—104),
(—140) planes of monoclinic ZrO, (JCPDS Card No. 13-307). When Ni was supported on
YSZ, the XRD pattern was characterized by reflections at 30.4°, 35.1°, 50.4°, 59.9°, 62.9°
and 74.0° attributed to (111), (200), (220), (311), (222) and (400) planes of YSZ (JCPDS Card
No. 82-1246), respectively.
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Figure 1. XRD patterns obtained from 5 wt.% Ni catalysts supported on the indicated commercial
metal oxide carriers. The reflection planes of anatase (°) and rutile (*) TiO, phases are indicated in
the diffractogram of Ni/TiO, catalyst.

Results obtained from Ni/TiO; catalyst showed that the sample consisted of TiO; in
both its anatase and rutile form exhibiting peaks at 20 = 25.6° (101), 37.2° (103), 38.2° (004),
38.9° (112), 48.4° (200), 54.3° (105), 55.4° (211), 63.1° (204), 69.3° (116), 70.7° (220), 75.4°
(215) and 76.4° (301) for anatase (JCPDS Card No. 21-1272), and at 26 = 27.6° (110), 36.3°
(101), 41.6° (111), 44.3° (210), 54.6° (211), 56.9° (220) and 64.3° (310) for rutile (JCPDS Card
No. 21-1276).

In the case of Ni/TiO, and Ni/YSZ catalysts an additional weak peak located 44.5°
was appeared corresponding to Ni (111) plane (JCPDS Card No. 04-0850). The absence of
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peaks corresponding to metallic Ni for the rest catalysts investigated is due to the low Ni
loading and/or particle size. The primary crystallite size of the supports was estimated
according to Scherrer’s formula at the diffraction angles corresponding to (440) plane for
AlyO3, (—111) plane for ZrO,, (111) plane for CeO,, (111) plane for YSZ and (101) plane
for TiO,, and it was found to be 6.0 nm for Ni/Al,O3, 10.5 nm for Ni/CeO,, 15.0 nm for
Ni/ZrO,, 20.9 nm for Ni/YSZ and 21.8 nm for Ni/TiO, (Table 1).

The SSAs of Ni catalysts supported on metal oxide (M,O,) carriers were estimated
equal to 39 mz/g for Ni/ZrO,, 11 mz/g for Ni/YSZ, 66 mz/g for Ni/Al,O3, 39 mz/g for
Ni/CeO, and 41 m?/g for Ni/TiO, (Table 1).

Table 1. Physicochemical properties of supported Ni (5 wt.%) catalysts and their apparent activation
energies for propane steam reforming reaction.

d (b) Activation

Catalyst  SSA @ (m%/g) MxOy Dni © (%) dni © (nm) Energy

(nm) (iJ/mol)
5%Ni/ZrO, 39 15.0 5.7 17.8 154
5%Ni/YSZ 11 20.9 47 214 140
5%Ni/Al,O3 66 6.0 4.0 25.5 121
5%Ni/CeO, 39 105 11.9 8.5 102
5%Ni/TiOy 41 21.8 2.8 36.1 127

@) Specific surface area, estimated with the BET method. ®) Primary crystallite size of MyO,, estimated from
XRD line broadening. © Dispersion and mean particle size of Ni, estimated from selective chemisorption
measurements.

Results of Ni dispersion (Dyj) and mean particle size (dy;) estimated from CO
chemisorption meaurements are summarized in Table 1. Generally, low Ni dispersions
were estimated for all the investigated catalysts, most possibly due to the high Ni content
(5 wt.%) in agreement with previous studies [4,6]. Higher Ni dispersion of 11.9% and
smaller particle size of 8.5 nm was found for Ni/CeO; catalyst, whereas Ni/TiO; exhibited
the lowest value of Ni dispersion of 2.8% and the largest particle size of 36.1 nm.

Figure 2 shows representative TEM images and selected area electron diffraction
(SAED) patterns obtained from Ni/YSZ, Ni/CeO, and Ni/TiO; catalysts. In all cases Ni
particles appear as fairly homogeneously distributed spherical particles with average sizes
of 20 nm for Ni/YSZ, 10 nm for Ni/CeO, and 30 nm for Ni/TiO,, in agreement with those
estimated according to CO chemisorption measurements (Table 1).

(A) NI/YSZ (B) Ni/Ce0,

(C)NITIO,

Figure 2. TEM images and Selected Area Electron Diffraction (SAED) patterns obtained for (A)
5%Ni/YSZ, (B) 5%Ni/CeO, and (C) 5%Ni/TiO, catalysts. Ni particles are indicated with red arrows.
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It should be noted that, based on the results of Table 1, the mean particle size of
Ni is similar to the average size of the corresponding metal oxide used as support for
all the investigated catalysts. This may hinder distinguishing between Ni particles and
the MOy carrier in TEM images. Thus, SAED analysis was performed to calculate the
d-spacing in an attempt to further discerned Ni particles from those of metal oxide support
(Figure 2, Table 2). Results indicated that, in all cases, Ni particles are present in TEM
images as evidenced by the appearance of the (111) plane of Ni (dspacing = 0.21 nm, JCPDS
No 1-1258). The appearance of the (101) (dspacing = 0.35 nm, JCPDS No 1-562) and (103)
(dspacing = 0.24 nm, JCPDS No 1-562) planes of TiOy, the (111) (dspacing = 0.30 nm, JCPDS
No 30-1468) and (200) (dspacing = 0-26 nm, JCPDS No 30-1468) planes of YSZ, as well as the
(111) (dspacing = 0.31 nm, JCPDS No 1-800) and (200) (dspacing = 0-27 nm, JCPDS No 1-800)
planes of CeO; also confirmed the presence of the metal oxides.

Table 2. Selected area electron diffraction (SAED) analysis of TEM images obtained for 5%Ni/YSZ,
5%Ni/CeO, and 5%Ni/TiO, catalysts.

Catalyst Spot d-Spacing (A) Formula Crgls;:ilel(:ﬁrliﬁ?ic JCPDS No
1 3.0 Y0.15Zr0.8501.93 (111) 30-1468
5%Ni/YSZ 2 2.6 Yo.15Zr0.8501.93 (200) 30-1468
3 2.1 Ni (111) 1-1258
1 3.1 CeO, (111) 1-800
5%Ni/CeOy 2 2.7 CeO, (200) 1-800
3 2.1 Ni (111) 1-1258
1 3.5 TiO, (101) 1-562
5%Ni/TiOy 2 24 TiO, (103) 1-562
3 2.1 Ni (111) 1-1258

3.2. Influence of the Nature of the Support on Catalytic Activity

The influence of the nature of the support on catalytic performance for the propane steam
reforming reaction has been investigated using Ni catalysts (5 wt.%) supported on five different
commercial metal oxide powders (ZrO,, YSZ, TiO,, Al,O3, CeO,). The results obtained are
shown in Figure 3A, where propane conversion is plotted as a function of reaction temperature.
It is observed that, among the investigated catalysts, Ni/ZrO, is the most active one, exhibiting
measurable C3Hg conversions at temperatures higher than 400 °C and achieving complete
conversion at 750 °C. Although Ni/YSZ is activated at similar temperatures as Ni/ZrO,,
the conversion curve of propane is shifted toward higher temperatures. This is also the
case for Ni/Al,O3 and Ni/CeO, catalysts, which present similar performance. The latter
catalysts are less active than Ni/YSZ below 550 °C, but are able to reach higher Xcayyg at higher
temperatures. The titania-supported catalyst becomes active above 500 °C, with the propane
conversion curve being shifted at remarkably higher temperatures. In all examined cases, the
carbon balance was satisfactory, with a deviation of <1%.

Results of specific reaction rate measurements are presented in the Arrhenius diagram
of Figure 3B, where it is observed that the TOF of propane conversion increases in the order
Ni/TiO; < Ni/CeO; < Ni/Al,O3 < Ni/YSZ < Ni/ZrO,, with its value at 450 °C being
more than one order of magnitude higher when Ni is dispersed on ZrO, compared to TiO,,
and approximately 2.5 times higher than that of Ni/Al,Og3. It should be mentioned that,
as discussed above, the mean particle size of Ni varies significantly for the investigated
catalysts from 8.5 nm for Ni/CeO, to 36.1 nm for Ni/TiO,. If the Ni particle size were
similar for this set of catalysts then the order of catalytic activity could be somewhat
different. Interestingly, no trend was observed between the specific reaction rate and
Ni particle size or MxOy crystallite size or MxOy surface area. This indicates that either
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these parameters do not affect catalytic activity or most possibly each of them contributes
in a different manner to the reaction rate, resulting in the observed catalyst ranking. It
should be noted that all catalysts have been reduced at 400 °C prior to physicochemical
characterization measurements. Although the values of SSA or dyixoy or dn; may were
different if catalyst pre-reduction was carried out at 750 °C, which is the onset reaction
temperature for catalytic performance experiments, the trend of catalytic properties with
respect to the nature of the support is not expected to vary due to the catalyst pretreatment
at different temperatures, at least to such an extent that would affect the catalyst ranking
for the propane steam reforming reaction.
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Figure 3. (A) Conversions of C3Hg as a function of reaction temperature and (B) Arrhenius plots
of turnover frequencies of C3Hg conversion obtained over Ni catalysts (5.0 wt.%) supported on the
indicated commercial oxide carriers. Experimental conditions: Mass of catalyst: 150 mg; particle
diameter: 0.15 < dp < 0.25 mm; Feed composition: 4.5% C3Hg, 0.15% Ar, 44% H,O (balance He); Total
flow rate: 250 cm® min 1.

The apparent activation energies (E,) of the propane steam reforming reaction were
calculated from the slopes of the fitted lines of Figure 3B. The results showed that the nature
of the metal oxide carrier significantly affects E,, which takes values between 102 kJ /mol
for Ni/CeO, and 154 k] /mol for Ni/ZrO, without presenting any trend with respect to
catalytic activity (Table 1). This can be explained taking into account that, as it will be
discussed below, several reactions run in parallel under the present experimental conditions
each one of which is influenced by the nature of the support in a different manner resulting
in the observed random variation of E, with catalytic activity. The results are in agreement
with our previous study where it was found that the apparent activation energy for the
reaction of steam reforming of propane over Rh catalysts supported on a variety of metal
oxides does not present any trend with the activity order [11].

Figure 4 shows the selectivities toward reaction products as a function of temperature
over the supported Ni catalysts investigated. In all cases the main products detected were
H;, CO,, CO and CH4 with their selectivities being significantly varied with temperature.
In particular, for Ni/ZrO, catalyst (Figure 4A), both hydrogen (St2) and CO; (Sco2)
selectivities decrease from 99 to 78% and from 98 to 58%, respectively, with increasing
temperature in the range of 390-505 °C followed by an increase of methane selectivity
(Scra) up to 32.5%, indicating the occurrence of CO, methanation reactions. Carbon dioxide
consumption continues with further increase of temperature above 505 °C contrary to Sy
which progressively increases reaching 99% at 720 °C. Consumption of CO; is followed by
production of CO providing evidence that the reverse WGS (RWGS) reaction is enhanced
at high temperatures. Moreover, Scps decreases above 505 °C and becomes practically
zero at 720 °C, implying that the reaction of methane steam reforming occurs contributing
to the observed increase of both Sy; and Sco. It should be noted that selectivity toward
reaction products containing carbon was defined as the concentration of each product
containing carbon at reactor effluent over the concentration of all products containing
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carbon (5), whereas Sy was defined as the concentration of hydrogen produced divided by
the concentration of all products containing hydrogen (6). Therefore, the values of Sc, and
Stz cannot be correlated based on the stoichiometry of the reactions taking place under
propane steam reforming conditions.
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Figure 4. Selectivities toward reaction products as a function of reaction temperature obtained
over Ni catalysts (5.0 wt.%) supported on (A) ZrO,, (B) YSZ, (C) Al,O3, (D) CeO, and (E) TiO,.
Experimental conditions: same as in Figure 3.

Qualitatively similar results were obtained for the rest of the investigated Ni catalysts,
with the main differences being related to the values of the selectivities toward the reaction
products, which reflect the extent of each reaction taking place with respect to the nature of
the support. In particular, the observed decrease of Syjp and Scop at low temperatures and
the simultaneous increase of Scyys are higher for the most active Ni/ZrO, (Figure 4A) and
Ni/YSZ (Figure 4B) catalysts, followed by Ni/Al,O3 (Figure 4C) and Ni/CeO, (Figure 4D),
whereas it is eliminated for Ni/TiO, (Figure 4E). As a result methane production increases
in the order of Ni/TiO, < Ni/CeO, < Ni/Al,O3 < Ni/YSZ < Ni/ZrO, which is consistent
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with the order of catalytic activity. This can be clearly seen in Figure 5 where the TOF at
450 °C is plotted as a function of methane selectivity obtained at the same temperature
for all the investigated catalysts. It is observed that the specific reaction rate increases
from 0.018 s~! to 0.33 s~! following the above catalyst ranking and accompanied by a
parallel increase of Scp4 from 0 to 29%. The results indicate that there is a clear relationship
between catalytic activity and methane production.

It should be noted that besides CO, hydrogenation, CH4 can be also produced via
CO hydrogenation. However, the contribution of the latter reaction does not seem to be
significant for the results of the present study taking into account the low Sco below 500 °C
and its progressive increase with temperature. Moreover, methane formation may also
take place via hydrogenation of CH, species formed following the dissociative adsorp-
tion of propane on Ni surface and the subsequent hydrogenation of the so-formed C3Hy
species [29,30]. As it will be discussed below, the formation of CHy species intermediates
may be the key reaction since it has been proposed that they interact with the hydroxyl
groups or lattice oxygen of the support producing CO or CO, and Hj [3,29,30].

The mass of H, produced per propane mass unit contained in the feed was calculated
at 550 °C and it was found to be higher for Ni/ZrO, (23.2 wt.%) followed by Ni/CeO,
(21.2 wt.%), Ni/Al,O3 (20.6 wt.%) and Ni/YSZ (19.7 wt.%), whereas Ni/TiO; exhibits the
lowest H, production (5.2 wt.%).

The influence of the nature of the support on the activity of Ni catalysts for propane
steam reforming reaction was also investigated by Harshini et al. [16], who found that
Ni/LaAlO3; was more active than Ni/Al,O3, while Ni/CeO, exhibited intermediate per-
formance. The optimum activity of the former catalyst was attributed to the small Ni
nanoparticles dispersed on LaAlOs surface. Although the effect of the support nature on
propane steam reforming activity has not been widely studied over Ni catalysts, certain
properties of metal oxide carriers may help explain the results of Figure 3. For example,
the use of YSZ as support, which exhibited high activity in the results of the present study,
has been found to suppress carbon deposition over Rh-Ni catalysts by providing lattice
oxygen, which facilitates carbon removal and enhances the dissociation of C-C bond under
reaction conditions [3]. The prevention of coke formation, occurring either via hydrocar-
bons decomposition or CO dissociation, by the lattice oxygen of the support has been also
demonstrated over Ni/CeO,-Al,O3 [19]. Moreover, the addition of manganese oxide on
Ni/Al,O3 was found to act as an oxygen donor that is transferred to Ni particles leading to
rapid decomposition and oxidation of C3Hg and CHy4 or Co;Hy that may be produced under
reaction conditions, resulting in further H, production and improvement of the catalyst
lifetime [9]. It has been also found that activation of steam followed by H, formation may
be favored over metal catalysts supported on “reducible” metal oxides through generation
of oxygen defects, resulting in improved propane steam reforming activity and resistance
to coke formation [3,13,31]. Based on previous studies, the reducibility of the supports
used in the present study is expected to vary significantly. It is well known that Al,O3 is
a hardly reducible metal oxide characterized by low oxygen storage capacity contrary to
TiO, and CeO,, which are strongly reducible metal oxides, or ZrO, and YSZ, which are
characterized by intermediate oxygen mobility [32]. Based on the above, Ni/TiO, should
be also active for the title reaction, taking into account that titania support is characterized
by high oxygen storage capacity [32,33]. However, the results of Figure 3 clearly show that:
(a) this catalyst was the least active one and (b) the catalytic activity is increased in the
order Ni/TiO, < Ni/CeO, < Ni/Al,O3 < Ni/YSZ < Ni/ZrO,, which cannot be correlated
with the reducibility of the support. Therefore, it is evident that support reducibility is
not among the key parameters affecting the catalytic activity of Ni according to the results
of the present study. The low activity of Ni/TiO; catalyst may be related to the fact that
Ni/TiO; has lower Ni dispersion and larger Ni particles, which was previously suggested
to suppress both propane steam reforming [15,16], and the intermediate (CO, or CHy)
hydrogenation reactions, in excellent agreement with the results of our previous study [28].
However, large Ni particles may not be solely responsible for the low activity of Ni/TiO,
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taking into account that no trend was observed between TOF and Ni particle size for the
investigated catalysts.
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Figure 5. Turnover frequencies of C3Hg conversion as a function of selectivity toward CHy obtained
at 450 °Cover supported Ni catalysts.

It should be mentioned that a different activity order was reported in our previous
study over supported Rh catalysts, where it was found that Rh/TiO, was the most active
catalyst with TOF being one order of magnitude higher compared to that measured for
Rh/CeO, [11]. This implies that the nature of the metallic phase may affect metal/support
interactions leading to variations on propane steam reforming activity and/or possibly
changes on the type of active sites on the catalyst surface.

3.3. Long Term Stability Test

The long-term stability of Ni/ZrO, catalyst, which exhibited the highest activity, was
investigated at 650 °C using the same experimental conditions as those used in catalytic
performance tests. In this experiment, the catalyst was reduced in situ at 300 °C under
50%H,/He flow followed by heating at 650 °C. The flow was then switched to the reaction
mixture and determination of the conversion of propane and product selectivity started.
The system was shut down overnight, while the catalyst was kept at room temperature
under a He flow. The next day the catalyst is heated to 650 °C in the He flow, followed by
switching of the flow to the reaction mixture and determination of Xc3pg and the product
selectivity as a function of time. Results obtained are shown in Figure 6, where Xc3pg and
St2, Sco, Sco and Scpy are plotted as functions of time-on-stream. As it can be seen the
catalyst presents excellent stability for more than 30 h-on-stream. Propane conversion and
hydrogen selectivity were varied in the range of 95-99% and 97-98%, respectively. The
selectivity toward methane was low (3—4%) whereas Sco and Scop exhibited similar values
ranging between 46 and 50%. The carbon balance was found to be satisfactory during the
stability test, with a deviation lower than 1-2%.
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Figure 6. Long-term stability test of the 5%Ni/ZrO, catalyst at 650 °C: Alterations of the conversion
of C3Hg and selectivities toward reaction products with time-on-stream. Experimental conditions:
Same as in Figure 3. Dashed vertical black lines indicate shutting down of the system overnight.

3.4. DRIFT Studies

The interaction of selected catalysts with the reaction mixture was also investigated
employing in situ FTIR spectroscopy. Experiments were conducted in the temperature
range of 100-500 °C using a feed composition of 0.5%C3Hg + 5%H,O (in He) and the
results obtained are shown in Figure 7. It is observed that the spectrum recorded at 100 °C
(Figure 7A, trace a) for the pre-reduced Ni/TiO; catalyst is characterized by two negative
bands at 3787 and 3676 cm ™! which can be attributed to losses of v (OH) intensity of at
least two different types of free hydroxyl groups, which are either originally present on
TiO, surface or created via H,O adsorption. Two weak peaks were also detected in the v
(C-H) region, located at 2987 and 2966 cm ™! (trace a) due to C-H stretching vibrations in
methyl groups (CHj3 ,4) and to symmetric C-H vibrations in methylene groups (CHj .q),
respectively [20,31,34-36]. These peaks are more obvious in Figure 8A (trace a) where
selected spectra in the narrow range of 3200-2400 cm~! are presented. Moreover, a band
at 1642 cm ™! followed by a shoulder at 1560 cm ! can be discerned, which have been
previously assigned to carbonate species associated with TiO, support [37-42]. An increase
of temperature results in progressive separation of the latter two bands which are both
shifted toward lower wavenumbers. A new band at 1430 cm ™! can be also discerned in
the spectra obtained at 350 °C (trace f) which is also due to carbonate species. This peak
may be also present in the spectra obtained at lower temperatures but couldn’t be clearly
observed due to the low signal-to-noise ratio in the region below 1700 cm~!. The intensities
of bands assigned to carbonate species are progressively decreased above 200 °C. This
decrease is accompanied by the detection of a weak peak at 2021 cm~! [38,43-46], which is
characteristic of linear-bonded CO on reduced nickel sites (Ni°), indicating that carabonate
species are further decomposed yielding CO and most possibly also CO; in the gas phase.
The weak bands in the v (C-H) region are present on the spectra obtained up to 500 °C
(Figure 7A, trace i) implying that CHy species are thermally stable and remained adsorbed
on the catalyst surface.

138



Nanomaterials 2021, 11, 1948

(A)5%NITIC, (B) 5%NizrO, 1520 |01
z 10'1 1558 | 1370
"’/\\\__MJ\,W 015 19‘09 01331
I 500°C S - 505
L™ ~ ! 15“’0 1350
I 1620 450°C 2016 2021 1858 I
zwzgeeu\ L _,L/\NW/’W"}@E
J(\Lg h\ 3749
3616 —_
— 93\2550 Monoc ] %W
= © |§
P <
o 1425
c 1548 306G 8
3 s ‘*Mh\ 300°
S 2 P
B I o
_(g 20 < [ 1635 50°C)
< 2982/2966 [ 1540
c 200°C
?fm 200°C|
tes2 3766,
9 1640
b 2957 1560 20C ‘,(?\ | 150°C
983
< /—J\(\\ b Z mw/\mmw
u 100°C|
a| 3676 100°C ‘P
3787 2 [\ 3675
§ r T T T
4000 3000 2000 1500 4000 3000 2000 1500

Wavenumber (cm™) Wavenumber (cm™)

Figure 7. DRIFT spectra obtained over the (A) Ni/TiO; and (B) Ni/ZrO, catalysts following interaction
with 0.5% C3Hg + 5% HyO (in He) at 100 °C for 15 min and subsequent stepwise heating at 500 °C.
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Figure 8. DRIFT spectra obtained in the region 3200-2400 cm ! over the (A) Ni/TiO, and (B) Ni/ZrO,
catalysts following interaction with 0.5% C3zHg + 5% HyO (in He) at 100 °C and 450 °C for 15 min.

A similar experiment was conducted over the most active Ni/ZrO, catalyst and the
results obtained are presented in Figure 7B. It is observed that the interaction of catalyst with
the reformate mixture at 100 °C (trace a) results in the appearance of bands corresponding
to bicarbonate species (1640 cm™1) [47-49], CHy species (2983 and 2966 cm™1) [31,36,47]
as well as by negative bands (3749 and 3675 cm™!) related to the consumption of surface
OH groups [31,36,48]. Increase of temperature at 200 °C (trace c) leads to the progressive
development of two bands at 1540 and 1425 cm 1 due to bicarbonate species [47-49]. The
intensity of the latter bands increases with increasing temperature up to 300 °C and diminishes
upon further heating at 350400 °C. This is also the case for the band at 1640 cm ™!, indicating
that bicarbonate species are decomposed above 450 °C. At temperatures higher than 400 °C
(traces h-i) two new broad bands seem to be developed at ca 1540 and 1350 cm~L. The
broadness of these bands implies that they may contain contributions from more than one
species with their corresponding bands being overlapped.

This can be clearly seen in the spectrum obtained at 500 °C (trace i) where four bands
can be clearly discerned located at 1558, 1520, 1370 and 1331 cm~ L. Those detected at 1520
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and 1331 cm ™! have been previously attributed to bidentate carbonates [49,50], whereas
those located at 1558 and 1370 cm ™! can be assigned to bidentate formate species [51]
adsorbed on ZrO; surface. The appearance of the latter bands is accompanied by evolution
of three peaks in the v(CO) region due to CO linearly adsorbed on reduced Ni sites
(2021 cm~1) and bridged bonded CO (1909 and 1858 cm ™) [43,46,52-54].

Interestingly, CH, species are eliminated from the spectra obtained above 400 °C
followed by evolution of CHy in the gas phase, as evidenced by the detection of the
3016 cm ! band (traces h-i). Production of CHy at the expense of CHy species can be
clearly seen in Figure 8B where the spectra obtained at 100 and 450 °C in the wavenumber
range of 3200-2400 cm ™! are presented.

Based on the above it can be suggested that the reaction of steam reforming of propane
over Ni/ZrO; catalyst proceeds via a dissociative adsorption of propane on metallic Ni
leading to the formation of C3Hy species, which are further decomposed toward CHy
species and probably carbon oxides due to the presence of H,O adsorbed on the support
surface. This may result in the formation of the bicarbonate species (1640, 1540 and
1425 cm~!) detected at low temperatures on the surface of the support [20]. Part of
CHy species are hydrogenated above 400 °C, yielding methane in the gas phase (band at
3016 cm 1) whereas the rest interact with adsorbed water producing formates (bands at
1558 and 1370 cm ') and, eventually, CO species adsorbed on the Ni surface (bands at
2021, 1909 and 1858 cm~!). Formates may also interact with hydroxyl groups producing
Hj and carbonate species (1520 and 1331 cm~1), which are further decomposed to CO, [20].
It should be noted, however, that, under certain conditions, CH, species may be also
dehydrogenated producing C and Hy. Surface carbon is either accumulated on the catalyst
surface resulting in catalyst deactivation (which is not the case here) or it interacts with the
hydroxyl groups or the lattice oxygen of the support yielding CO or CO, [3,16,19,31,55].

The ability of CH, species to be converted to methane and/or formates on the surface
of Ni/ZrO, may imply that CH, species are more weakly adsorbed and/or more reactive
on the surface of this catalyst, thus resulting in higher overall activity for the propane
steam reforming reaction. This agrees well with results of Figure 5, where it was shown
that catalytic activity increases progressively with increasing methane selectivity. If as
discussed above the origin of adsorbed CO is formate species, the high reactivity of CH,
species over Ni/ZrO; is also indirectly confirmed by the significantly higher population
of carbonyl species observed over this catalyst. On the other hand, although CHy species
were also detected on the surface of Ni/TiO, catalyst, no band due to gas phase methane
or formate species was observed, indicating that CHy species cannot be further converted
in the temperature range investigated. The increase of Scpy in parallel with the increase of
catalytic activity (Figure 5) indicates that the reactivity of CHy species is strongly related to
the conversion of propane to the desired products. Although detailed mechanistic studies
should be conducted to further explore the reaction pathway, it can be suggested that CHy
species are key reaction intermediates for the reaction of propane steam reforming.

4. Conclusions

The results of the present study show that the catalytic activity of Ni and the product
distribution for the propane steam reforming reaction depend strongly on the nature
of the support. The specific reaction rate measured for Ni/ZrO, catalyst was found to
be more than one order of magnitude higher compared to that measured for Ni/TiO,.
The intermediate production of CHy is strongly influenced by the type of metal oxide
used as support following the same trend with that of catalytic activity. DRIFTS studies
provided evidences that the most active Ni/ZrO; catalyst is able to convert the intermediate
produced CH, species to CHy and/or formate species and, subsequently, to carbon oxides
and Hy. In contrast, CHy species seem to be less reactive when Ni is dispersed on TiO,,
thus resulting in a lower reaction rate. In addition to the high activity of Ni/ZrO, catalyst,
it was also found to be stable for more than 30 h on stream and therefore, is a promising
candidate for the production of H; for fuel cell applications.
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Abstract: In hypergolics two substances ignite spontaneously upon contact without external aid.
Although the concept mostly applies to rocket fuels and propellants, it is only recently that hy-
pergolics has been recognized from our group as a radically new methodology towards carbon
materials synthesis. Comparatively to other preparative methods, hypergolics allows the rapid and
spontaneous formation of carbon at ambient conditions in an exothermic manner (e.g., the method
releases both carbon and energy at room temperature and atmospheric pressure). In an effort to
further build upon the idea of hypergolic synthesis, herein we exploit a classic liquid rocket bipropel-
lant composed of furfuryl alcohol and fuming nitric acid to prepare carbon nanosheets by simply
mixing the two reagents at ambient conditions. Furfuryl alcohol served as the carbon source while
fuming nitric acid as a strong oxidizer. On ignition the temperature is raised high enough to induce
carbonization in a sort of in-situ pyrolytic process. Simultaneously, the released energy was directly
converted into useful work, such as heating a liquid to boiling or placing Crookes radiometer into
motion. Apart from its value as a new synthesis approach in materials science, carbon from rocket
fuel additionally provides a practical way in processing rocket fuel waste or disposed rocket fuels.

Keywords: nanocarbon; rocket fuels; furfuryl alcohol; fuming nitric acid; waste; hypergolics; car-
bon materials

1. Introduction

Furfuryl alcohol is considered an important green chemical that is mainly derived from
plant raw material (corncobs, agricultural waste) through simple reaction cascades [1,2].
A notable use of furfuryl alcohol other than in organic chemistry or polymers also per-
tains to hypergolic rocket propellants and fuels [3-6]. In this latter case, the renewable
alcohol (organic fuel) and fuming nitric acid (powerful oxidizer) react immediately and
energetically upon contact (i.e., hypergolically) to release heat and gases that promote
rocket lift-off (WAC Corporal, Nike Ajax). By also considering the vegetable origin of the
organic compound, furfuryl alcohol fuel rocketry has been aptly highlighted in science
blogs under imaginative headlines, such as “Flying to the Mars on Corncobs” (see for
instance the link: https://dalinyebo.com/furfuryl-alcohol-rocket-fuel-then-and-now/).
It is, however, surprising that although furfuryl alcohol is a versatile carbon precursor by
pyrolysis [7-14], there is no report in the literature which acknowledges or refers in any
way to the carbon residue obtained from the particular hypergolic pair.
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Recently our group has introduced hypergolic reactions as a new and general synthesis
tool towards the formation of a variety of functional carbon materials (nanosheets, crys-
talline graphite, carbon dots, fullerols, hollow spheres, and nanodiscs) [15-20]. Hypergolic
synthesis presents certain advantages over conventional carbonization methods (pyrolysis,
hydrothermal, chemical vapor deposition—CVD) for two main reasons. First, the method
is fast and spontaneous at ambient conditions: Carbon formation takes place by simply
mixing the organic fuel and strong oxidizer at room temperature and atmospheric pressure,
completing in very short time (e.g., rapid product formation). Second, hypergolic reactions
are by definition exothermic and therefore release enough heat upon contact of the reagents
(i.e., an energy-liberating process). This clearly differentiates from pyrolytic, hydrothermal,
or CVD methods that require higher temperature in order to operate synthesis and extract
carbon from its precursors (i.e., an energy-consuming process). In fact, we have previously
demonstrated that the energy released from hypergolic reactions could be directly con-
verted into useful chemical, thermoelectric, or photovoltaic work [15,17,18]. Therefore,
hypergolics allows a fast and spontaneous carbon synthesis at ambient conditions in an
energy-liberating manner without external stimuli (heat, spark, or mechanical shock). Nev-
ertheless, scaling-up the method under safe conditions still remains a major challenge from
a technical point of view. It is likely, though, that modern advances in rocket fuel engineer-
ing may hold the key towards the development of pilot apparatus for large-scale production
in the future. Likewise, it was only the course of certain technical advances in flame-spray
pyrolysis—another harsh synthetic approach towards nanomaterials—that finally allowed
its safe use in labs or industry.

Under this light, the furfuryl alcohol-HNOj pair certainly drew our attention as a
potentially new example towards the hypergolic synthesis of carbon (note that furfuryl
alcohol is considered a cheap, non-petrol derived biofuel used in fuel rocketry). Accord-
ingly, herein we demonstrate the fast and spontaneous formation of carbon nanosheets by
the ignition of furfuryl alcohol with fuming nitric acid at ambient conditions. In this case
furfuryl alcohol served as the carbon source while fuming nitric acid as strong oxidizer.
At the same time, we provide simple ways of converting the released energy into useful
work, as for instance to boil acetone or set into motion the Crookes radiometer. The present
work adds on top of previous ones from our group in this context, aiming to further high-
light the wider applicability and perspective of hypergolics in carbon materials synthesis.
From a materials science viewpoint, it also provides a practical way in dealing with rocket
fuel waste or rocket fuel disposal. This is important taking into consideration that there is
an increasing need for disposing aged stored and corrosive liquid rocket fuels in a useful
manner (e.g., conversion to fertilizers or feedstock material for chemical industry; see
https:/ /www.osce.org/files/f/documents/8/f/35905.pdf).

2. Materials and Methods

Synthesis was conducted in a fume hood with ceramic tile bench. A glass test tube
(diameter: 1.6 cm; length: 16 cm) was charged with 1 mL furfuryl alcohol (99% Sigma-
Aldrich, St. Louis, MO, USA) followed by the dropwise addition of 1 mL fuming nitric
acid (100% Sigma-Aldrich, St. Louis, MO, USA). Both reagents reacted energetically
upon contact to form a crude carbon residue inside the tube. The residue was collected
and copiously washed successively with water, ethanol, and acetone prior to drying
at 80 °C for 24 h. The solid was pulverized with a mortar and pestle and then sieved
through a copper mesh (No. 150) to obtain a fine black powder at yield 5% (N, BET
specific surface area = 10 m?/g). The carbon yield is low compared to classic carbonization
methods. This mainly has to do with the carbon precursor used in a hypergolic reaction.
The discovery of new hypergolic pairs that will provide even higher carbon yields remains
a challenge. The hypergolic synthesis is visualized in Figure 1. For safety reasons, synthesis
was performed using small number of reagents. Accordingly, reactions were repeatedly run
in multiple test tubes in order to collect enough material for characterizations (ca. 0.5 g).
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Figure 1. Fuming nitric acid and furfuryl alcohol reacted energetically upon contact to form a crude carbon residue inside
the “rocket” test tube. Collection and washing of the residue afforded a fine carbon powder. Notice the release of brown
nitrogen oxide gases as a result of nitric acid decomposition by furfuryl alcohol.

Powder X-ray diffraction (XRD) was performed using background-free Si wafers
and Cu Ku radiation from a Bruker Advance D8 diffractometer (Bruker, Billerica, MA,
USA). Raman spectra were obtained on a DXR Raman microscope using a laser excita-
tion line at 455 nm, 2 mW (Thermo Scientific, Waltham, MA, USA). Raman measurement
was conducted in bulk material using aluminum mirror as the substrate. Optical spec-
troscopy was conducted with a UV /Vis spectrophotometer SPECORD S 600 (Analytik
Jena GmbH, Jena, Germany) operated by WinASPECT software (Analytik Jena GmbH,
Jena, Germany). For the UV-Vis, the carbon solid (0.1 mg mL~1) was dispersed in ethanol
(>99.5% Sigma-Aldrich, St. Louis, MO, USA) and sonicated for 15 min prior to measure-
ment. Attenuated total reflection infrared spectrum (ATR-IR) was recorded on a Thermo
Nicolet iS5 FTIR spectrometer, using the Smart Orbit ZnSe ATR accessory (Thermo Fisher
Scientific, Waltham, MA, USA). X-ray photoelectron spectroscopy (XPS) was carried out
with a PHI VersaProbe II (Physical Electronics, Chanhassen, MN, USA) spectrometer us-
ing an Al-Ko source (15 kV, 50 W). The obtained data were evaluated with the MultiPak
software package (Ulvac-PHI Inc., Miami, FL, USA). Scanning electron microscopy (SEM)
images were obtained using a JEOL JSM-6510 LV SEM Microscope (JEOL Ltd., Tokyo,
Japan) equipped with an X-Act EDS-detector by Oxford Instruments, Abingdon, Oxford-
shire, UK (10 kV). Transmission electron microscopy (TEM) analysis was done on JEOL
JEM 2100 at 200 kV (JEOL Ltd., Tokyo, Japan) using a LaB6 type emission gun (JEOL
Ltd., Tokyo, Japan). Atomic force microscopy (AFM) images were collected in tapping
mode with a Bruker Multimode 3D Nanoscope (Ted Pella Inc., Redding, CA, USA) using a
microfabricated silicon cantilever type TAP-300G, with a tip radius of <10 nm and a force
constant of approximately 20-75 N m~!. The Si wafers (P/Bor, single-side polished, Si-Mat)
used in AFM imaging, were cleaned before use for 15 min in an ultrasonic bath (160 W)
with water, acetone (>99.5 Sigma-Aldrich, St. Louis, MO, USA), and ethanol (>99.5 Sigma-
Aldrich, St. Louis, MO, USA). All reagents were of analytical grade and used without
further purification. The carbon solid was sonicated for 20 min prior AFM measurement.

3. Results and Discussion

The hypergolic reaction of furfuryl alcohol with fuming nitric acid resulted in carbon
mainly in two steps. In the first one, the alcohol underwent acid-catalyzed polymeriza-
tion towards the formation of poly(furfuryl alcohol) [21]. In the second one, the energy
released from the hypergolic pair provided the necessary heat and temperature needed
for the in-situ carbonization of poly(furfuryl alcohol). Indeed, the temperature during
hypergolic ignition reached a maximum of nearly 300 °C within 30 s, based on the thermal
camera images shown in Figure 2. This temperature matched well the decomposition
point of the polymer, the latter falling in the range 200-300 °C [22,23]. Any unreacted
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species or by-products were completely removed by thorough washing of the product with
water, ethanol, and acetone, all being excellent solvents for furfuryl-based compounds.
Thus, the relatively low carbon yield probably stems from the fact that the temperature of
the hypergolic reaction marginally approaches the decomposition point of the polyfurfuryl
alcohol intermediate (i.e., higher temperatures would normally result in higher yields).

¢

Start of reaction

W% 5136.s'°c

Figure 2. Temperature profile of the hypergolic reaction over time as depicted with a digital thermal camera. The temperature
raised progressively from ambient to a maximum of nearly 300 °C within 30 s.

The heat released from the reaction was exploited in various ways to produce useful
work. In a first example, it was possible to boil acetone without using a heating device
(Figure 3, top). This example was inspired by the popular chemistry demonstration
experiment of boiling acetone through the exothermic dissolution of sulfuric acid in water.
Worth noting, the operation of boiler heaters very much depends on similar energy transfer
from an exothermic reaction, such as oil combustion, to a fluid, such as water. In a
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second example, the reaction heat was directly converted into mechanical motion through
a heat engine (e.g., Crookes radiometer) (Figure 3, bottom). These simple examples do
not represent actual applications but rather serve as educational displays on chemical
energy conversion.

Figure 3. Top: A small glass vial filled with furfuryl alcohol was firmly fitted inside a bigger one containing acetone,
as shown in the setup above. Acetone in the outer vial did not come into direct contact with the furfuryl alcohol in the inner
vial. Teflon tape was placed at the contact of the fitted vials near the top rim in order to prevent flammable acetone vapor
from escaping. The hypergolic reaction between furfuryl alcohol and fuming nitric acid released enough heat to boil acetone
(boiling point 56 °C). The middle photo shows small bubbles that grew larger upon gradual heating of acetone to boiling
(right photo). Bottom: A Crookes radiometer, initially at rest, was placed into motion by the released heat (e.g., notice how

the polished side of the depicted vane changed position upon rotation). Spinning was relatively slow due to non-uniform
heating of the radiometer.

Furthermore, they show some additional ways of exploiting the released energy
from hypergolic reactions that are complementary to the chemical, thermoelectric, or pho-
tovoltaic work presented elsewhere [15,17,18]. Hence hypergolics not only enables an
operationally simple carbon synthesis but also gives off useful energy in the process.
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X-ray diffraction and Raman spectroscopy were used in combination to unequivocally
identify carbon formation [24,25]. The XRD pattern (Figure 4, top) showed a broad (002) re-
flection associated with graphite. The interlayer spacing (dgp, = 0.43 nm) was considerably
higher than that of graphite (dggp = 0.34 nm), thus indicating the formation of turbostratic
carbon (e.g., structural ordering in between that of amorphous carbon and crystalline
graphite). In general, the dgg, value is often used to estimate the graphitization degree of
carbon: the larger the dgg, value, the larger the lattice disorder will be. Raman spectroscopy
displayed the characteristic G and D bands for graphitic materials [26] at 1591 cm ! and
1358 cm !, respectively (Figure 4, bottom). The G band is usually associated with graphitic
sp? carbons while the D band with sp? carbons. Graphitic domains are thermodynamically
favored at ambient conditions, whereas the sp® domains probably result from the insertion
of oxygen- and nitrogen-containing functionalities in the carbon lattice (vide infra). In spite
of the fact that sp? carbons prevailed, the relative intensity ratio Ip/Ig = 0.6 was still

significantly higher than the value of 0.1-0.2 for crystalline graphite [16], thus confirming a
disordered carbon structure.

dygr =0.43 nm

Intensity (a.u.)

T T T T T T T

10 20 30 40 50 60 70 80
2 theta (degrees)

G

Intensity (a.u.)

500 1000 1500 2000 2500 3000
Raman shift (cm_l)
Figure 4. X-ray diffraction (XRD) pattern (top) and Raman spectrum (bottom) of carbon nanosheets.

The UV-vis spectrum of the nanosheets recorded as a fine solid suspension in ethanol
exhibited a well-resolved peak at 265 nm ascribed to t—7t* transitions within long-ranged
sp2 domains (Figure 5, top). A similar absorption band has been also observed for reduced
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graphene oxide (270-275 nm), where chemical reduction is known to partly restore 7-
conjugation [27,28]. The appearance of this peak in our sample indicated a strong sp?
character, in line with Raman spectroscopy. The corresponding ATR infrared spectrum
(Figure 5, bottom) was typical of a carbonaceous matrix (C=C/C=N 1607 cm~!) decorated
with oxygen-containing functionalities at the surface (e.g., oxidized carbon). The strong
and broad band at 3370 cm ™! was due to the stretching vibration of -OH. This band was
accompanied by a weaker yet sharper peak at 1010 cm~! assigned to the deformation
mode of the hydroxyl group. Following, C-O/C-N bonds gave a broad band at 1200 cm ™!,
whereas C=0 groups a discernible shoulder at 1700 cm~!. The material additionally
contained aliphatics as evidenced by the stretching (<3000 cm~!) and bending (766 cm~1)
modes of C-H group. Lastly, the small peak at 2225 cm ! was ascribed to nitrile ~-CN.

Absorbance (a.u.)

300 400 500 600 700 800
Wavelength (nm)

C=0}} C-0/C-N

Transmitance (a.u.)

-OH

C=C/C=N
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm_l)

Figure 5. Ultraviolet (UV)-vis (top) and attenuated total reflectance infrared spectrum (ATR-IR)

(bottom) spectra of carbon nanosheets.

Based on XPS spectroscopy the nanosheets contained C 70.8%, O 23.8%, and N 5.4%
(Figure 6a). Nitrogen was present in the sample as a result of N-doping of the sheets by
the HNOj as described elsewhere [20,29]. The high-resolution spectrum for the Cls region
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Intensity (a.u.)

(Figure 6b) was deconvoluted into four components corresponding to sp? hybridized
carbons (284.6 eV), sp3 and C-N type carbons (285.9 eV), as well as, carbonyl/ether
(C=0/C-0-C 287.5 eV) and carboxyl groups (O-C=0, 288.9 eV) [30,31]. The deconvoluted
N1s spectrum (Figure 6c) showed that nitrogen atoms were mainly present in the pyridinic
configuration (399.7 eV, 62.5 at. %), followed by pyrrolic (400.3 eV, 26.6 at. %) and graphitic
(401.0 eV, 10.9 at. %) types of bonding [32].

(a)

M N
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Ci1s
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Figure 6. (a) X-ray photoelectron spectroscopy (XPS) survey spectrum of the sample. Deconvoluted high-resolution spectra
of (b) Cls and (c) N1s regions.

SEM and TEM portraits revealed exclusively the presence of carbon nanosheets in
the sample (Figure 7). The nanosheets appeared compact with no surface porosity and
possessing micron-sized lateral dimensions. These observations agreed well with the very
low specific surface area of the sample. Furthermore, the smooth and planar surface of
the sheets rather reflected the relatively high sp? carbon fraction established by Raman
spectroscopy [33]. Lastly, the nanosheets exhibited multi-layered texture near the edges,
a feature typical of phylomorphous materials built up of stacks of individual monolayers.
The average thickness of the sheets as evaluated by AFM microscopy was close to 5 nm
(Figure 8). Overall, SEM, TEM, and AFM imaging confirmed the high homogeneity of the
carbon solid with the appearance of nanosheets as the only nanostructure derived from the
hypergolic reaction. Furthermore, no signs of impurity spots were detected on the surface
of the nanosheets.
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(c)

Figure 7. Scanning electron microscopy (SEM) (a,b) and transmission electron microscopy (TEM) (c—f) images of car-
bon nanosheets.
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Section Analysis

Figure 8. Atomic force microscopy (AFM) images of cross-sectional analysis (top) and 3D morphology (bottom) of a selected

carbon nanosheet.

So far, we have utilized the renowned furfuryl alcohol-fuming nitric acid rocket fuel
to make carbon out of it in a one-pot synthesis. It is, however, interesting to note that
there are several other bipropellant rocket fuels based on fuming nitric acid and a range of
organic compounds that could equally serve this purpose. Some representative examples
include alkylamines, polyamines, aromatic amines, and hydrocarbons [34,35]. However
not every rocket fuel is expected to give acceptable carbon yields for practical consideration.
For instance, N,N,N’,N’-tetramethylenediamine (99% Sigma-Aldrich, St. Louis, MO, USA),
a green fuel used in rockets with fuming nitric acid [36], was also tested in our lab but with
poor results, e.g., ignition left behind only minor carbon residue (0.2%). Still, it becomes
clear that there are plenty of options for obtaining carbon from rocket fuel in the future.
This is important not only from a materials synthesis point of view but also from the
standpoint of managing wastes from rocket fuels or even dealing with rocket fuel disposal
in a practical way.
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4. Conclusions

Hypergolic ignition of furfuryl alcohol by fuming nitric acid at ambient conditions
led to the fast, spontaneous, and exothermic formation of carbon nanosheets in two steps:
(i) Polymerization of furfuryl alcohol to poly(furfuryl alcohol), and (ii) in-situ carboniza-
tion of the polymer by an internal temperature increment near its decomposition point.
The structure and morphology of the sheets were unveiled with an arsenal of techniques,
such as XRD, infrared spectroscopy (Raman/IR), UV-vis, XPS, and SEM/TEM/AFM mi-
croscopies. The released energy was directly converted into useful work by either heating
acetone to boiling or spinning the Crookes radiometer. In a wider sense, the furfuryl
alcohol-fuming nitric acid system could form the future basis of a more general discussion
about “carbon from rocket fuel,” especially considering the wealth of rocket bipropellants
available today, as well as the continual progress in the field with new hypergolic fuels.
Apart from its value as a new synthetic approach towards carbon materials, the present
method additionally provides a way to obtain useful materials out of waste or disposed
rocket propellants. Technical upgrade of the method, as well as the search of new hyper-
golic pairs that will provide even higher carbon yields, remains a future challenge towards
safe implementation in a large scale.
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